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ABSTRACT 
The purpose of this research is to investigate the influence of recycled coarse aggregate 
(RCA) on the long-term behaviour of composite steel-concrete slabs. Several types of 
tests were conducted to fulfil the research, including material tests on recycled concrete 
(RAC), non-uniform shrinkage tests on small-scale slabs, and long-term tests on 
full-scale slabs. The systematic investigation on the long-term behaviour of composite 
slabs provided valuable experimental data, based on which design procedures were 
proposed for their routine design. 
In the materials tests, the influence of service time of RCA and mixing methods on the 
mechanical properties of RAC were first investigated, i.e. compressive strength, static 
modulus of elasticity, and shrinkage deformations. Based on the experimental data 
collected as part of this study, the model to predict the RAC elastic modulus was 
developed accounting for the influence of residual mortar content (CRM), and the model 
to estimate the RAC compressive strength development over time was modified based on 
EC2 model to account for the ―internal curing effects‖. The test results also indicated that 
the parent concrete quality influenced the shrinkage behaviour of resulting concrete. In 
this case, the autogenous and drying shrinkage tests were conducted on RAC using RCA 
obtained from parent concrete having different service time and compressive strengths. 
The models to predict the autogenous and drying shrinkage behaviour of RAC were 
developed accounting for the combined effects of parent concrete quality and residual 
mortar content (CRM). 
In the shrinkage tests on the small-scale slabs, the relative humidity (RH) and strain 
distributions through the thickness of 17 slabs were monitored over time to investigate 
the influence of RCA on the non-uniform shrinkage profile of composite slabs. Test 
parameters consisted of RCA replacement ratios, slab depths and sealing conditions of 
the slab surfaces. The mechanism of non-uniform shrinkage in composite slabs was 
revealed by the measured RH distributions through the thickness of slabs. The 
experimental strain results were used to further validate a numerical model capable of 
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incorporating the effects of non-uniform shrinkage inside composite slabs, based on 
which the influence of RCA on the long-term composite slab curvatures was investigated 
and the importance of considering the non-uniform shrinkage in the long-term curvatures 
of RAC composite slabs was highlighted. 
In the long-term tests on the full-scale slabs, seven slabs were prepared and measured, 
including three steel-bars truss slabs and four composite slabs. The test was designed to 
evaluate the influence of RCA on the time-dependent behaviour of composite 
steel-concrete slabs and to separate the effects of creep and non-uniform shrinkage. A 
nonlinear finite element model was developed to account for the time-dependent 
behaviour of composite slabs to include the effects of non-uniform shrinkage, creep and 
concrete cracking, and validated against the test results reported in this thesis. A 
parametric study was then carried out to evaluate the influence of time effects on the 
long-term deflections of composite steel-concrete slabs prepared with RCA. Based on the 
experimental investigations and numerical simulations, a design approach to be used for 
routine design of RAC composite slabs was proposed and validated. 
Keywords: recycled coarse aggregate; recycled aggregate concrete; composite slabs; 
non-uniform shrinkage; elastic modulus. 
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CHAPTER 1 Introduction 
 
 Introduction 1.1
This thesis investigates the long-term behaviour of composite steel-concrete slabs 
with recycled coarse aggregate (RCA). Background information to outline the scope 
of this research is provided in section 1.2, while the objectives and outline of this 
study are presented in sections 1.3 and 1.4, respectively.  
 Background 1.2
The increasing and unsustainable consumption of natural resources, along with the 
excessive production of construction and demolition wastes (CDW), has caused 
great concerns for the environment and the economy (Silve et al., 2015). For 
instance, China‘s consumption of stones and sands was 15 billion tons in the year 
2015, and approximately 368 million tons of waste concrete are estimated to be 
produced annually in China by the end of the year 2020 (Chen, 2016). Crushing 
waste concrete as aggregates for recycled aggregate concrete (RAC) production 
represents an alternative to solve the problems (Xiao et al., 2012). Recycled coarse 
aggregate (RCA), which has been mainly used for non-structural members, has the 
potential to be applied over a broad range of structural applications and this has 
already been demonstrated from experimental work, for example, for RAC beams 
and columns (Xiao et al., 2012). For the commercial applications of RCA, a number 
of international design specifications regulate the use of RAC in reinforced concrete 
structures according to the quality of RCA, e.g. JGJ/T240 (MHURD, 2011). In 
China, for example, the Type-I RCA with similar physical properties to those of 
natural coarse aggregate (NCA) is permitted to be used in any reinforced concrete 
structure in accordance with JGJ/T240 (MHURD, 2011), while the low-quality 
Type-III RCA is recommended for low-strength concrete applications which do not 
undergo freezing and thawing cycles. In the case of composite floor systems, recent 
research highlighted that the flexural response and longitudinal shear behaviour of 
RAC composite slabs are similar to the ones exhibited by NAC members (Xiao et 
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al., 2010; Cui et al., 2014), in which case, introducing RCA into composite slabs 
provides a potential solution to extend the structural applications of RAC. Only 
limited work has been carried out to date in the service response of composite 
steel-concrete slabs. In this context, this study mainly focuses on the long-term 
behaviour of RAC composite slabs cast on profiled steel deck and steel-bars truss 
deck (Figure 1-1). 
 
 
(a) Profiled steel deck (b) Steel-bars truss deck 
Figure 1-1 Profiles of the steel decks used in this study 
After crushing, a certain amount of old mortar from parent concrete remains 
attached to the original virgin aggregate (OVA) in RCA, which makes RAC present 
lower short and long-term properties when compared to reference NAC, e.g. (De 
Juan and Gutiérrez, 2009). Another disadvantage of the RAC material is the large 
scatter of the mechanical properties of RAC, which is induced by different 
production methods or by different resources of the RCA (Xiao et al., 2012). All 
these disadvantages prohibit the application of RAC in structures. Firstly, 
significant variations in the predicted elastic modulus of RAC have been obtained 
by using different available models, and more refined models need to be proposed. 
Secondly, the total shrinkage of concrete is formed by drying and autogenous 
components. For the drying shrinkage, the influence of parent concrete on the 
drying shrinkage of recycled concrete has yet to be quantified. For the autogenous 
shrinkage, current research investigation related to the autogenous shrinkage of 
RAC is quite limited, i.e. the period of current autogenous shrinkage tests was too 
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short to provide enough referential information for the structural design. Further 
experimental studies are still required to provide guidance for the prediction of 
drying and autogenous shrinkages of RAC. 
In the design of composite floor systems, the governing limit state is usually the one 
associated with serviceability, where the composite slab is heavily affected by the 
long-term concrete properties, e.g. shrinkage deformation. Due to the inability of 
the concrete to dry from the slab underside, a non-uniform relative humidity (RH) 
distribution and a resulting shrinkage gradient develops through the slab thickness. 
This behaviour has been observed in both composite slabs and post-tensioned 
composite slabs, irrespectively of trapezoidal profiles or re-entrant trough profiles 
used (Ranzi et al., 2013). Further studies are required to provide guidance for the 
service behaviour of RAC composite floors. This is important particularly 
considering that compared to NAC, RAC exhibits larger drying shrinkage but 
smaller autogenous shrinkage, which may make the responses of RAC composite 
slabs under shrinkage effects more severe than those observed in NAC composite 
slabs. To date no research has been undertaken on the time-dependent behaviour of 
RAC composite slabs and little guidance is available to structural engineers for their 
routine design. 
None of the current design guidelines for composite steel-concrete slabs, such as 
CECS 273: 2010 (CECS, 2010), Eurocode 4 (BSI, 2004) and ANSI/SDI (2011), 
require shrinkage effects to be included in the design. Current industry practice is to 
specify a constant shrinkage distribution through the depth of composite slabs when 
evaluating their shrinkage deflections. This approach, despite in accordance with 
that for the traditional reinforced concrete structures, however, has been shown to 
underestimate the calculated shrinkage deflections when compared to experimental 
measurements (Al-deen and Ranzi, 2015; Al-deen et al., 2015; Ranzi et al. 2015). 
To date, no design procedures are specified in available guidelines for composite 
slabs to account for the occurrence of non-uniform shrinkage profiles for their 
routine design. Refined design procedures need to be proposed to predict the 
long-term deflection of composite slabs. Further experimental data also need to be 
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provided for the long-term behaviour of RAC composite slabs, accounting for the 
combined effects of non-uniform shrinkage, creep and concrete cracking. 
 Objectives of the thesis 1.3
Based on the aforementioned background, the objectives of this thesis are:  
I. to experimentally investigate the mechanical properties of recycled concrete 
prepared with RCA of different service time and using different mixing methods, 
and to develop a model capable to predict the elastic modulus of RAC 
accounting for the influence of residual mortar content (CRM); 
II. to experimentally investigate the influence of parent concrete on the shrinkage 
behaviour of resulting concrete and to develop prediction models to calculate 
their drying and autogenous shrinkage behaviours; 
III. to experimentally investigate the relative humidity (RH) and strain profiles 
through the thickness of composite slabs and to obtain non-uniform shrinkage 
profiles for RAC composite slabs for their routine design; and  
IV. to provide new experimental results on the long-term behaviour of RAC 
composite slabs cast on different steel decks and to propose routine design 
procedures to calculate the long-term deflections of RAC composite slabs 
considering the combined effects of non-uniform shrinkage, creep and concrete 
cracking. 
 Outline of the thesis 1.4
In Chapter 2, the background regarding the physical properties of RCA and the 
current applications of RAC in structural members are first introduced. Then the 
state-of-the-art research is reviewed. For clarity, the literature review is subdivided 
into three main categories which include (i) mechanical properties of recycled 
concrete; (ii) non-uniform shrinkage behaviour of composite slabs; and (iii) short 
and long-term behaviour of composite steel-concrete slab. The flow chart of this 
study is reported in Figure 1-2. 
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Figure 1-2 Flow chart of this study 
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In Chapter 3, laboratory tests are performed to investigate the effects of RCA 
service time on the mechanical behaviour and elastic properties of hardened RAC, 
i.e. compressive strength, elastic modulus and shrinkage deformation. Three groups 
of RCA obtained from known-quality waste concretes are used. In particular, the 
compressive strengths of the parent waste concretes are all about 38 MPa, while 
their service time before demolished is 1, 18 and 40 years, respectively. The RCA is 
used as 0%, 30%, 50% and 100% replacement ratios of natural coarse aggregate 
(NCA). In addition, the influence of mixing methods on the mechanical properties 
of hardened RAC is determined. Based on the experimental results, the equation to 
predict the RAC elastic modulus is developed accounting for CRM and benchmarked 
against the experimental results collected from this study and from literatures.  
In Chapter 4, shrinkage tests are conducted to investigate the influence of the 
quality of parent concrete on the shrinkage properties of recycled concrete. Three 
groups of parent concrete prepared in the laboratory (with target compressive 
strengths of 30, 40 and 60 MPa) and two groups of parent concrete collected from 
demolished buildings (with compressive strength of 40 MPa) are crushed to prepare 
RAC with w/c ratios of 0.30, 0.45 and 0.60. Three RCA replacement (r) ratios of 0%, 
50% and 100% are assessed. The autogenous shrinkage is monitored by means of 
embedded strain gauges for a total period of 224 days, while the drying shrinkage is 
measured using Demec gauges for a total period of 360 days. Shrinkage models are 
developed to account for the combined effects of the quantity and the quality of 
residual mortar on the shrinkage behaviour of normal grade RAC. 
In Chapter 5, 17 small-scale slabs are monitored for a total period of 210 days, to 
investigate the influence of RCA on the non-uniform shrinkage profiles. The test 
parameters include RCA replacement ratios (r) of 0%, 50% and 100%, slab depths 
(d) of 100 mm, 150 mm and 200 mm, and drying conditions of the slab bottom 
surface (i.e. ES samples sealed with epoxy, EE sample exposed to air drying, and 
DW samples sealed by profiled sheeting). The shrinkage deformation through the 
thickness of slabs is monitored over time. The relative humidity (RH) through the 
slab depth is also collected to reveal the mechanism of the shrinkage distributions in 
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composite slabs. As part of this chapter, the experimental results are then used to 
further validate a numerical model capable of incorporating the effects of 
non-uniform shrinkage inside composite slabs, based on which the influence of 
RCA on the long-term slab curvatures and the importance of considering the 
non-uniform shrinkage in the long-term curvatures of RAC composite slabs has 
been highlighted. 
In Chapter 6, seven full-scale composite slabs made with RCA are prepared and 
monitored, including three steel-bars truss slabs with different RCA contents (i.e. 
r=0%, 50% and 100%) and four composite slabs with 100% RCA. All slabs are 
designed with a span of 3300 mm, and the depths vary between 120 mm and 
180 mm. All specimens are subjected to shrinkage effects and measured in a 
simply-supported static configuration for a total period of 268 days. A nonlinear 
numerical model is developed to account for the time-dependent behaviour of RAC 
composite slabs by including the effects of non-uniform shrinkage, creep and 
concrete cracking, and is validated against the test results reported in this thesis. A 
parametric study is then carried out to evaluate the influence of time effects on the 
long-term deflections of RAC composite slabs. A design approach to be used for 
routine design of RAC composite slabs is proposed to account for the combined 
effects of non-uniform shrinkage, creep and concrete cracking, and validated 
through a comparison between calculated values and experimental measurements. 
Chapter 7 draws the conclusions and provides recommendations for future work.  
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CHAPTER 2 Literature Review 
 Introduction 2.1
This Chapter presents the background information and the literature review on the 
state-of-the art research that investigates the material properties of RAC and the 
time-dependent behaviour of composite slabs. The physical properties of RCA and its 
applications in structures are summarised in section 2.2. The review of the 
state-of-the-art in section 2.3 is divided into three main parts: (i) mechanical properties of 
RAC (section 2.3.1); (ii) non-uniform shrinkage behaviour of composite steel-concrete 
slabs (section 2.3.2); and (iii) short and long-term behaviour of composite steel-concrete 
slab (section 2.3.3). 
 Physical properties and structural applications of RCA 2.2
2.2.1 Physical properties of RCA 
Current experimental works mainly focus on two types of RCA from crushed 
construction and demolition waste (CDW) (De Brito and Saikia, 2013). The first one is 
mainly composed of original virgin aggregate (OVA) and residual mortar (RM), as 
shown in Figure 2-1, which is generally produced from precast concrete and laboratory 
concrete. The second one is collected from real project wastes, with several types of 
contaminants included, e.g. bitumen mixtures, plastics, bricks and tiles. The RCA 
residual mortar content (CRM), together with small amounts of contaminants, is the main 
reason for the reductions in the physical properties of RCA. However, there is no 
standard method to measure it (De Juan and Gutiérrez, 2009). Currently, three methods 
have been recommended to measure the CRM values, including thermal treatment 
(Domingo et al., 2010), treatment with a solution of hydrochloric (Abbas et al., 2009) 
and production of a new concrete (Ravindrarajah and Tam, 1985) by using coloured 
cement. Among three methods, the thermal treatment has been used and recommended 
by various researchers considering that this method could easily measure the CRM for 
RCA with different types of OVA, e.g. Limestone. In this context, the thermal treatment 
has been selected throughout this study. In the following, the reductions in the physical 
properties of RCA are introduced, i.e. density, water absorption and index of crushing.  
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(a) Typical RCA (b) Interfacial transition zones (ITZs) 
Figure 2-1 Illustration of typical RCA composition 
2.2.1.1 Density 
Density is one of the fundamental properties of aggregate and controls several properties 
of NAC, e.g. elastic modulus. In terms of recycled concrete, De Brito and Alves (2010) 
and De Brito and Robles (2010) highlighted that the density of mixture of RCA and NCA 
showed high correlation coefficients in the graphical analysis for various hardened 
concrete properties, e.g. elastic modulus, shrinkage, creep, etc. For RCA obtained from 
literatures, the reduction magnitudes in the oven-dried density of RCA were normally 
observed to be around 4%-10% when compared to NAC measurements (Ravindrarajah 
and Tam, 1985; Manzi et al., 2013); while up to 30.4% reduction could be obtained for 
RCA from crushed waste mortar (Kou et al., 2012). This could be explained by the fact 
that the density of RCA is mainly dependent on its CRM, as RM presents significantly 
smaller density when compared to that of NCA. In this case, RCA with less residual 
mortar presented larger density values than that with higher CRM values (De Juan and 
Gutiérrez, 2009). 
2.2.1.2 Water absorption 
The water absorption of RCA is observed higher than that of NCA. In particular, the 
water absorption of RCA produces great diversity, varied between 1.65% and 34.6% 
(Tam and Tam, 2007; Kou and Poon, 2012), while NCA presents water absorption of 
0.57% to 2.29%. The variation of water absorption capacity is due to the variation of CRM 
of RCA, as well as the content of other components such as crushed bricks and tiles, 
which have very high water absorption capacity. Similar to the investigation of density, 
De Brito and Alves (2010) and De Brito and Robles (2010) reported that the water 
      OLD ITZ 
      NEW ITZ 
Residual mortar 
(RM) 
 
Original virgin 
aggregate (OVA) 
RM 
OVA 
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absorption of mixture of RCA and NCA showed reasonably high correlation coefficients 
in the graphical analysis for various hardened concrete properties, e.g. elastic modulus, 
shrinkage, creep, etc. It is worth mentioning that the high water absorption capacity of 
RCA could lead to lower slump values for the fresh concrete, as the mixing water would 
be consumed during the mixing procedures. In this case, several procedures have been 
developed to control the workability of fresh concrete, e.g. (1) adding more water into the 
concrete mixtures (Etxeberria et al., 2007), (2) pre-soaking RCA in water for varied time 
of 10 min-24 h (Hansen et al.,1986), (3) increasing the superplasticizer content (Xiao et 
al. 2012) and (4) increasing both water and cement content in the concrete mixtures 
(Ravindrarajah and Tam, 1985). Among these procedures, the RCA in saturated 
surface-dried (SSD) condition by means of pro-soaking RCA in water for 24 h has been 
widely suggested and used by varied researchers, in which context, the RCA under SSD 
condition has been used in this study. 
2.2.1.3 Index of crushing 
For the index of crushing that can be used to estimate the compressive capacity of coarse 
aggregate, it is observed to be larger for RCA than that of NCA, which means that RCA 
presents lower compressive strength than that of NCA. In particular, Limbachiya et al. 
(2004) reported that RCA and NCA with particle size of 10 mm-14 mm presented index 
of crushing values of 20% and 14%, respectively. Butler et al. (2013) presented that RCA 
from different resources showed index of crushing ranged from 23.1% to 28.5%, while 
NCA presented an index of crushing value of 18.2%. The reductions in the compressive 
strength of coarse aggregate could explain the reductions in the mechanical properties of 
RAC, e.g. compressive strength and elastic modulus (Butler et al., 2013). 
2.2.2 Structural applications of RCA 
2.2.2.1 Design specifications for RCA  
To promote the structural application of RCA, several international specifications 
regulate the use of RAC by means of its physical properties of RCA, and detailed 
information listed in several specifications is summarised and reported in Table 2-1. 
Clearly, RCA with similar physical properties to those of NCA could be used in structural 
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members without any limitation, while low quality RCA is only recommended to be used 
in non-structural members or in components which cannot be easily influenced by drying 
shrinkage or freezing and thawing. For example, maximum RCA r ratios of 30%, 50% 
and 100% were suggested for the RAC structural applications by the Chinese standards. 
2.2.2.2 Application of RCA in structural members 
Despite reductions in the physical properties of aggregate when compared to NCA, RCA 
had the potential to be applied over a broad range of structural applications under the 
guidance of the international design specifications (Sofi et al., 2013). Typical structural 
applications of RCA are reported in Figure 2-2. 
  
(a) An environmental building in Watford, UK (b) An office building in Darmstadt, Germany 
  
(c) A residential building in Darmstadt, Germany (d) An office building in Shanghai, China 
Figure 2-2 Typical application of RAC in structural members 
In the year of 1996, RCA was first-ever applied in ready-mixed concrete in UK to 
construct the structural members of an environmental building, as shown in Figure 2-2 a. 
Two strength grades of RAC were selected, with C25 concrete used for the foundation 
construction and C35 concrete selected for the floor systems (Fardis, 2011). Figure 2-2 b 
shows the office building with the open multi-story garage built in Darmstadt in 1997. 
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Complete reinforced concrete structure was constructed using approximate 480 m
3
 of 
RAC with effective water-to-cement ratio (w/c) of 0.486 and 28 d compressive strength 
of 45 MPa (Fardis, 2011). In the year of 1998, a total amount of 12000 m
3
 RAC was 
applied in a residential building in Darmstadt for all its indoor structural members. The 
sketch of this building is reported in Figure 2-2 c. Two strength grades of concrete were 
selected, i.e. C30/37 and C25/30. Recycled concrete has also shown its potential 
application in structural members in China. For example, RCA was selected to mix 
concrete to build an office building in Shanghai (Figure 2-2 d), with RAC compressive 
strength of C30 and C40. The amount of RAC was up to 5000 m
3
 (Li, 2009). This year, 
approximate 3000 tons of RCA was collected from local waste concrete plant in Beijing 
to construct the floor systems of a public building, which complied with green building 
requirements in accordance with Chinese specification GB/T 50378 (MHRUD, 2011). 
Based on current applications of RAC in structures all over the world, it may be 
concluded that RCA has been first introduced to reinforced concrete floors prior to 
structural beams, columns and shear walls, due to the fact that floor systems had lower 
requirements for mechanical properties of concrete materials, e.g. compressive strength 
and elastic modulus.  
Currently, concrete materials are used in the floor systems for both RC structures and 
steel structures, in which case a large amount of concrete materials is needed annually. 
For example, the concrete content used in floor slabs takes up more than 50% of the 
concrete contents for RC frame structures, while almost all the concrete used in steel 
structures was in the floor slabs. It is also worth mentioning that the use of RCA in floor 
systems could comply with the green building requirements in accordance with Chinese 
specification GB/T 50378 (MHRUD, 2011). In this context, this study aims to extent the 
application of RCA in composite steel-concrete slabs. 
 Literature Review 2.3
2.3.1 Mechanical properties of RAC 
As the physical properties of RCA are generally lower than those of NCA, various 
mechanical properties of hardened concrete decrease with the incorporation of RCA, e.g. 
compressive strength, splitting tensile strength, elastic modulus, creep and shrinkage. 
The University of Sydney 
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Table 2-1 Typical RCA grades and potential applications 
Standard Classification D (kg/m
3
) 
a
 ω (%) Acv (%) Maximum r (%) Potential applications 
China 
Ⅰ ≥2450 ≤3.0% ≤12% 100% No limitation in concrete strength 
Ⅱ ≥2350 ≤5.0% ≤20% 50% Used in concrete with compressive strength ≤40MPa 
Ⅲ ≥2250 ≤8.0% ≤30% 30% Used in concrete with compressive strength ≤25MPa without freeze-thaw 
Japan 
High quality ≥2500 ≤3.0% n.a 
b 100% Used in concrete structures 
Medium quality ≥2500 ≤5.0% n.a n.ab 
Used for components which cannot be easily influenced by drying shrinkage 
or freezing and thawing 
Low quality ≥2200 ≤7.0% n.a n.a Used in concrete without applying energy and costs 
Rilem 
Ⅰ ≥1500 ≤20.0% n.a n.a Used in concrete with compressive strength ≤20MPa 
Ⅱ ≥2000 ≤10.0% n.a n.a Used in concrete with compressive strength ≤60MPa 
Ⅲ ≥2500 ≤3.0% n.a 100% Used in concrete with any compressive strength 
Portugal 
ARB1 
≥2200 ≤7.0% 
n.a 25% Used in C40/50concrete 
ARB2 n.a 20% Used in C35/45 concrete  
ARC ≥2000 ≤7.0% n.a n.a Use for non-structural concrete 
Belgium 
GBSB-I ≥1600 ≤18.0% n.a n.a Used in C16/20 concrete without freezing and thawing  
GBSB-II ≥2100 ≤9.0% n.a n.a Used in C30/37 concrete  
a
 D, ω, Acv, r is the oven-dried density, water absorption, index of crushing and RCA replacement ratios, respectively. 
 
b
 n.a means not available. 
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2.3.1.1 Compressive strength 
Two factors related to compressive strength restrict the application of RCA in structures, 
i.e. (1) the reduction magnitudes in the compressive strength of RAC when compared to 
NAC and (2) the large variation in the compressive strength of RAC. In this case, current 
research efforts have been mainly devoted to (1) the influence of RCA r ratios on the 
compressive strength of concrete, and (2) the effects of varied parameters on the RAC 
compressive strength to reduce the variation in the RAC compressive strength. 
To date, majority of the research efforts have been devoted to the influence of RCA r 
ratios on the compressive strength of resulting concrete. In general, the compressive 
strength normally decreases with increasing RCA contents and in some studies, it was 
pointed out that the reduction in compressive strength was between 12% and 25%, when 
25%-30% or 100% NCA was replaced by RCA (Hansen, 1983). Kou et al. (2012) even 
reported that the reduction in the compressive strength could reach as much as 59.3%. An 
increase in concrete porosity due to the low quality residual mortar (RM) and weak ITZ 
(between RM and OVA, as shown in Figure 2-1) are the major reason for the reductions 
in the compressive strength of recycled concrete (Kwan et al., 2012). Based on the 
observations collected from literatures, when compared to reference NAC, the reductions 
in the compressive strength of RAC made with 100% of RCA varied between 1.7% and 
59.3% (De Brito, 2013), which indicated that the RCA r ratios may not be used as the 
sole factor to evaluate the compressive strength of resulting concrete. And in this context, 
the different influences of RCA obatined from different resources on the compressive 
strength of resulting concrete have gained increasing research interest. 
Ravinindrarajah and Tam (1985) experimentally investigated the influence of parent 
concrete on the compressive strength of resulting concrete, and the considered parent 
concrete strength varied between 28.5 MPa and 42.5 MPa. The obtained results 
highlighted that RAC made with RCA from higher strength parent concrete presented 
higher compressive strength. The above investigations were also highlighted by Kou and 
Poon (2015), who used parent concrete with strength in the range of 30-100 MPa to 
prepare RAC with strength of 45-65 MPa. It was worth mentioning that by using 100% 
of RCA from 80-100 MPa parent concrete, comparable compressive strength could be 
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observed for RAC when compared to reference NAC (Kou and Poon, 2015). Similar 
observations could be obtained in the literatures by Kiuchi and Horiuchi (2003), Padmini 
et al. (2009), Akbarnezhad et al. (2013). 
The influence of particle size distributions of coarse aggregate on the compressive 
strength of RAC was investigated by Corinaldesi (2010). In particular, Corinaldesi (2010) 
replaced the 6-12 mm and 11-22 mm NCA by RCA with identical particle size 
distributions. The selected RCA r ratio was 30%, and the water-to-cement ratios of 
concrete were in the range of 0.45-0.60. The obtained results showed that larger 
compressive strength could be obtained by means of using coarser RCA, when compared 
to that using finer RCA. 
Kou et al. (2012) tested the compressive strength of RAC made with RCA of different 
water absorption and density values. In particular, the water absorption for RCA was in 
the range of 3.52% to 6.25%, while it was 0.56% for NCA. The density was varied 
between 2263 kg/m
3
 and 2580 kg/m
3
, while it was 2660 kg/m
3 
for NAC. The 
corresponding results highlighted the RAC compressive strength decreased with 
increasing water absorption and decreasing density. The maximum decrease was up to 
26.7% when using lower physical properties RCA when compared to those using higher 
properties RCA. 
Pedro et al. (2014) investigated the influence of crushing procedures of RCA on the 
compressive strength of resulting concrete, i.e. primary crushing (T1) and primary plus 
secondary crushing (T2). The results showed that larger compressive strength could be 
obtained by selecting T2. This can be explained by the fact that smaller CRM could be 
obtained for RCA using T2 in comparison with T1, in which case the physical properties 
of RCA have been improved by T2 when compared to that by T1. 
Duan and Poon (2014) conducted the influence of RCA CRM on the concrete compressive 
strength, and the selected RCA had CRM in the range of 20.1%-62.9%. The obtained 
experimental results showed that RAC using RCA with smaller CRM presented larger 
compressive strength, irrespectively of water-to-cement ratios of the RAC. For example, 
when a water-to-cement ratio of 0.68 was selected, RAC using RCA with CRM=20.9% 
presented the largest 28 d compressive strength of 35 MPa, while the RAC had a 28 d 
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compressive strength of 27.7 MPa for a CRM=62.9%, which was only 21.9% lower than 
that with CRM=20.9%.  
The service time of RCA may also be one of the key factors to influence the compressive 
properties of resulting concrete because the properties of mortar and the amount of 
un-hydrated cement in the mortar may change over time (Katz, 2003; Maruyama et al., 
2014), both of which could affect the compressive strength of RAC. For example, a 
variation of 20% in the compressive strength of resulting concrete was observed when 
using parent concrete crushed at different time (Katz, 2003), despite the selected RCA 
showed similar physical properties (i.e. density and water absorption). Despite the 
service time of RCA ranges from several months (aggregates processed from hardened 
leftover concrete of known composition that has not been in use or has not been 
contaminated in storage, e.g. aggregate from precast concrete plants) up to several 
decades (aggregates from real building demolitions), very limited research has been 
conducted on this topic. In this context, particular attention needs to be paid to the 
influence of service time of parent concrete (i.e. waste concrete used to produce RCA) on 
the compressive properties of resulting RAC. 
The reductions in RAC compressive strength can be compensated by adjusting various 
factors of the concrete mixture, which has gained increasing interest for researchers. The 
factor included adjusting the water-to-cement ratio (w/c) of the resulting concrete, 
treating the aggregate and adding mineral additions, etc. Ravinindrarajah and Tam (1985) 
conducted compressive strength test on RAC with different water-to-cement ratios. The 
obtained results showed that the reductions in the RAC compressive strength were 
smaller for concrete with higher w/c ratios. This is because for concrete with larger w/c 
(i.e. smaller compressive strength), the compression failure generally occurs along the 
ITZs; while for concrete with smaller w/c (i.e. larger compressive strength), the failure is 
found both along the ITZs and throughout the coarse aggregate. In this case, for RAC 
with larger w/c ratios, the compressive strength could be controlled by the new ITZ (for 
ease of notation, referred to as Type I ITZ: between NCA and new mortar) instead of old 
ITZs (referred to as Type II ITZ: between RM and OVA and Type III ITZ: between RM 
and new mortar). But for RAC with smaller w/c ratios, the compressive strength of RAC 
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is usually controlled by old ITZs, and shows greater reductions in the strength when 
compared to that of NAC. Katz (2003) reported that comparable compressive strength 
could be observed in RAC when compared to that of NAC for a water-to-cement ratio of 
0.6-0.75. Similar observations have been obtained from literatures by Kou and Poon 
(2008). Kou and Poon (2008) investigated the influence of fly ash on the hardened 
properties of recycled concrete, and the experimental data showed that the compressive 
strength of concrete could not only be increased by reducing the water-to-cement ratio 
but also by adding fly ash. This has been explained by the pozzolanic reaction of the fly 
ash particles. Similar observations have been obtained from literatures by Kou and Poon 
(2012). 
In addition to the above procedures, modifying mixing procedures is another efficient 
way to improve the compressive strength of recycled concrete by reducing the influence 
of RCA with high water absorption capacities. In particular, Sagoe-Crentsil et al. (2001) 
proposed to use saturated-surface dried (SSD) RCA to improve the mechanical properties, 
which is called Pre-saturation mixing method. By means of using SSD RCA, the 
effective water-to-cement ratios have been controlled. The experimental results by 
Sagoe-Crentsil et al. (2001) showed that no difference was observed in the 28 d and 
1 year compressive strength between NAC and RAC. This method is recommended by 
many international design specifications, e.g. JGJ 240 (2011), and is the most commonly 
adopted mixing methods in the investigations (Sagoe-Crentsil et al., 2001; Xiao et al., 
2012; Geng et al., 2016). Besides, two-stage mixing approach (TSMA) has been 
proposed by Tam et al. (2007). In the first stage, a cement layer can fill the pores, cracks 
and voids of the residual mortar and improve the bond during the hardening stage. By 
using TSMA, the RAC compressive strength could be increased by 20.6% when 
compared to normal mixing method for an r ratio of 30%. Fathifazl et al. (2009) intended 
to improve the mechanical properties of concrete by means of equivalent mortar volume 
(EMV) mixing methods. The experimental data showed that when compared to NAC 
made with normal mixing method, RAC made with EMV method presented 17.6% and 
31.3% larger compressive strength by means of using 100% RCA with OVA of limestone 
and river-bed gravel, respectively (Fathifazl et al., 2009; Fathifazl et al.,2011). By means 
of using EMV method, the ultimate capacities of RAC beams and slabs have been proved 
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to be comparable when compared to that of NAC ones. It is worth mentioning that only 
selected RCA r ratios have been investigated by Fathifazl et al. (2009, 2011), i.e. r = 
63.5%-74.3%. Further research efforts need to be devoted to the influence of key 
parameters on the mechanical properties of RAC, e.g. RCA r ratios and particle size 
distributions. 
In addition, despite the compressive strength of RAC showed smaller values than that of 
NAC, the compressive strength of RAC developed faster than that of NAC. A test period 
of 5 years was selected by Kou and Poon (2008), in which the concrete mixture with 100% 
of RCA of different qualities experienced gains ranging from 46% to 62% in comparison 
with the 28 d compressive strength, while only 34% increase was observed for NAC 
during the same period. Similar observation was reported by Zhang and Zhao (2015), in 
which the compressive strength gains from 28 days to 720 days were 32.3%, 47.0% and 
50.6% for r of 0%, 50% and 100%, respectively. This is attributed to the RCA in SSD 
condition, in which case the absorbed water transported from RCA to ITZs and the new 
mortar over time, and provided ―internal curing effects‖. In this context, the current 
model, which is used for NAC strength development, may be no longer capable for the 
prediction of RAC. 
2.3.1.2 Tensile splitting strength 
Similar to the investigations reported in previous section regarding to RAC compressive 
strength, current research efforts related to RAC splitting tensile strength have been 
devoted to (1) the influence of RCA r ratios on the splitting tensile strength of concrete, 
(2) the effects of varied parameters on the splitting tensile strength of RAC to reduce the 
variation of RAC splitting tensile strength, and (3) the models to predict the RAC 
splitting tensile strength by means of compressive strength. 
It is generally observed that the tensile splitting strength of recycled concrete is lower 
than that of reference NAC. For example, Kou and Poon (2008) reported that the 28 d 
splitting tensile strength was 2.43 MPa for NAC, while decreased to 2.40 MPa, 2.35 MPa 
and 2.26 MPa when 20%, 50% and 100% NCA were replaced by RCA. The reduction in 
the splitting tensile strength of RAC was reported to be up to 42.3%, when compared to 
that of NAC (Kou et al., 2012). The reasons for compressive strength reduction are also 
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responsible for the reduction in the tensile splitting strength of RAC. However, great 
diversity was observed in the reduction of tensile splitting strength, and this is probably 
due to the variations in experimental parameters and properties of recycled aggregates 
used in the various studies. For example, some researchers reported that the inclusion of 
RCA had little impact on tensile splitting strength of resulting concrete or that the 
recycled concrete had even higher tensile splitting strength than conventional concrete up 
to a given replacement level (Katz, 2003; Etxeberria et al., 2007; González-Fonteboa and 
Martínez-Abella, 2011). This is probably due to the improvement in aggregate-cement 
paste bond strength, which induces a higher increase in the tensile splitting strength than 
in compressive strength (Kou et al., 2008). 
The influence of varied parameters on the RAC splitting tensile strength has also been 
investigated. This included the influence of impuirities (Poon and Chan, 2006; Yang et al., 
2011), the influence of CRM (Nagataki et al. 2004); the influence of crushing approaches 
(T1 and T2) by Pedro et al. (2015); the influence of mixing methods, e.g. TSMA (Tam 
and Tam, 2007) and EMV method (Fathifazl et al. 2009); the influence of mineral 
admixtures (Gonzalez-Fonteboa and Martinez-Abella, 2008; Kou and Poon, 2011; ); the 
influence of curing time (Kou et al., 2008).  
The splitting tensile strength of concrete is generally predicted by means of its 
compressive strength, in which case the correlation between RAC splitting tensile 
strength and compressive strength have been investigated by varied researchers. The 
experimental data showed that similar correlation has been obtained for RAC when 
compared to that of NAC (Gonzalez-Fonteboa et al. 2011; Sagoe-Crentsil et al. 2001; 
Thangchirapat et al. 2008). Paine et al. (2009) observed the correlation between splitting 
tensile strength and compressive strength for NAC in accordance with EC2 model (BSI, 
2004) could still be applicable for RAC. In this context, the correlation between 
compressive strength and tensile splitting strength for NAC was still adopted to RAC in 
this study. 
2.3.1.3 Elastic modulus 
Similar to the investigations reported in previous section regarding RAC splitting tensile 
strength, current research efforts related to RAC elastic modulus have been devoted to (1) 
The University of Sydney 
 
 -21- 
the influence of RCA r ratios on the elastic modulus of concrete, (2) the effects of varied 
parameters on the elastic modulus of RAC to reduce the variation of RAC elastic 
modulus, and (3) the models to predict the RAC elastic modulus. 
For the influence of RCA r ratios on the elastic modulus of recycled concrete, the RAC 
elastic modulus normally decreased with increasing r ratios (Gomez-Soberon, 2002; 
Etxeberria and Vázquez, 2007; Kou and Poon, 2008; González-Fonteboa and 
Martínez-Abella, 2011). For example, González- Fonteboa and Martínez-Abella (2011) 
reported that the RAC elastic modulus was observed to be respectively 4.7%, 10.9% and 
18.0% smaller than that of NAC, when 20%, 50% and 100% RCA was introduced. The 
reduction in the elastic modulus can be up to 45% for RAC with RCA r ratio of 100% 
(Ravindrarajah et al., 1987). Xiao et al. (2012) also highlighted that the decrease of 
concrete‘s elastic modulus induced by the incorporation of RCA depended on properties 
such as stiffness of mortar, concrete porosity and aggregate-cement paste bonding. Based 
on the observations collected from literatures, when compared to reference NAC, the 
reductions in the elastic modulus of RAC made with 100% of RCA varied between 0.1% 
and 45.0% (De Brito, 2013), which indicated that the RCA r ratios may not be used as 
the sole factor to evaluate the elastic modulus of resulting concrete. In this context, the 
difference in influence of RCA obtained form different resources on the elastic modulus 
of resulting concrete has gained increasing research interest.  
The influence of mineral admixtures on the elastic modulus of RAC was reported by Kou 
and Poon (2006, 2008), and the obtained results showed that the elastic modulus of RAC 
could be improved by the healing of the cracks through adding 30% fly ash. 
The influence of particle size distributions of coarse aggregate on the compressive 
strength of RAC was investigated by Corinaldesi (2010). In particular, Corinaldesi (2010) 
replaced the 6-12 mm and 11-22 mm NCA by RCA with identical particle size 
distributions. The selected RCA replacement ratio was 30%, and the water-to-cement 
ratios of concrete were in the range of 0.45-0.60. The obtained results showed that larger 
elastic modulus of concrete could be obtained by means of using finer RCA, when 
compared to that using coarser RCA. 
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Duan and Poon (2014) investigated the influence of CRM of RCA on the elastic modulus 
of concrete. Despite that some variations were observed in the measured elastic modulus, 
it could be concluded that higher elastic modulus could be achieved by using RCA with 
smaller CRM. Similar observations could also be found in the study reported by Kiuchi 
and Horiuchi (2003). 
The influence of parent concrete strength on the elastic modulus of RAC was 
investigated by some researchers. Concrete made with RCA from lower w/c ratio parent 
concrete (higher strength parent concrete) showed higher elastic modulus compared to 
that from higher w/c ratio parent concrete (lower strength parent concrete) (Ravindrarajah 
and Tam, 1985; Hansen and Boegh, 1985). For example, Hansen and Boegh (1985) 
reported that a reduction of 14.7% was observed in the RAC using RCA from high 
strength parent concrete, when compared to NAC measurements. This percentage 
increased to 16.4% and to 19.8% for RCA from medium and low strength parent concrete, 
respectively. The above investigations were also highlighted by Kou and Poon (2015), in 
which parent concrete strength in the range of 30-100 MPa has been selected to prepare 
RAC with strength of 45-65 MPa. It was worth mentioning that by using 100% of RCA 
from 100 MPa parent concrete, comparable elastic modulus could be observed for RAC 
when compared to NAC. On the other hand, Padmini (2009) highlighted that the 
influence of parent concrete strength on the RAC elastic modulus could be negligible. 
The above investigations indicated that the influence of parent concrete strength on the 
RAC elastic modulus has yet to be quantified, and more experimental efforts need to be 
devoted to this topic. 
The elastic modulus of RAC may also be influenced by mixing methods. For instance, 
Tam et al. (2007) reported that by means of using two-stage mixing method, the 28 d 
elastic modulus of RAC could be improved by 14.4% when compared to that using 
normal mixing method. Kou et al. (2012) reported that no significant difference could be 
observed in the elastic modulus of RAC using normal mixing method (NM) and 
two-stage mixing approach (TSMA). Besides, the elastic modulus of RAC made with 
EMV method presented comparable or even higher value than NAC measurements. For 
example, Fathifazl et al. (2009) reported that the increases in the elastic modulus of EMV 
concrete were in the range of 5.0%-11.3%, when compared to those of reference NAC. It 
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is worth mentioning that only selected RCA r ratios have been investigated by Fathifazl 
et al. (2009, 2011), i.e. r = 63.5%-74.3%. Further research efforts need to be devoted to 
the influence of key parameters on the mechanical properties of RAC using EMV mixing 
method, e.g. RCA r ratios and particle size distributions. 
Several studies checked the validity of applying the existing relationships between 
compressive strength and elastic modulus proposed in various standard specifications for 
concrete containing RCA. As for example, the elastic modulus of concrete containing 
various types of RCA from the Paine et al. (2009) study was around 20% lower than the 
elastic modulus values estimated by using the EC2 (BSI, 2004) expressions. Rahal (2007) 
reported that the expression presented in ACI 318-02 for the relationship between 
compressive strength and elastic modulus of concrete overestimated the experimental 
results for conventional as well as RAC mixes. Kou et al. (2007) and Kou and Poon 
(2008) also reported that the existing ACI 363R-92 expression overestimated their 
experimental results. In this case, several expressions were also proposed to describe the 
relationships between elastic modulus and cubic compressive strength (fcu) and and 
density (ρ), some of which are presented in Table 2-2.  
Table 2-2 Summary of relationships between RAC elastic modulus and compressive strength 
Year Authors Formulations 
1985 Ravindrarajah and Tam 
0.33
RAC cu
= 7770E f  
1987 Ravindrarajah et al. 
0.5
RAC cu
= 3020 +10670E f  
1988 Kakizaki et al. 
5 0.5 1.5
RAC cu
=1.9 10 ( / 2000) ( / 2300)E f  
1998 Dillmann 
RAC cu
= 634.43 + 3057.6E f  
1999 Mellmann et al. 
RAC cu
= 378 + 8242E f  
2006 Xiao et al.
 
5
RAC
cu
10
=
40.1
2.8 +
E
f
 
2010 Corinaldesi  
0.33
RAC cu
=18800(0.083 )E f  
RAC cu
= 909 + 8738E f  
Note: ERAC is the elastic modulus of recycled concrete, fcu is the cubic strength of RAC, ρ is the 
density of concrete.  
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It is worth mentioning that all RAC models were of the same forms as those of NAC, and 
most of the research work has been devoted to the regressions of the coefficients. As 
these models were mainly regressed based on small amounts of experimental 
measurements, great variation could be obtained in the predicted results (Figure 2-3). 
Considering concrete of same compressive strength could present 62.0% variation in the 
elastic modulus, more refined elastic modulus models need to be proposed accounting for 
the information of RCA qualities. 
 
Figure 2-3 Elastic modulus of RAC predicted by different models  
2.3.1.4 Creep 
Creep is dependent on various factors including the properties of aggregate and CRM. 
Generally, lower creep deformation is observed in concrete containing strong aggregate 
and aggregate with a higher stiffness (De Brito et al., 2013). Current available 
experimental study on the creep behaviour of RAC is mainly devoted to (1) the influence 
of RCA r ratios on the concrete creep behaviour, (2) varied parameters on the influence 
of RAC creep behaviour and (3) models proposed to predict the creep behaviour of RAC. 
For the influence of RCA r ratios on the concrete creep behaviour, the creep deformation 
generally increased with increasing RCA contents, due to the fact that the incorporation 
of RCA increased the total paste cement content (Domingo-Cabo et al., 2010; Xiao et al., 
2012). For example, Limbachiya et al. (2000) investigated the influence of RCA r ratio 
on the creep behaviour of concrete with compressive strength of 50-60 MPa, and 
33.3%-64.9% increases in the concrete creep behaviour could be observed for r ratio of 
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100%. Domingo-Cabo et al. (2010) also reported that the increase in creep deformation 
was 35%, 42% and 51% in the total creep deformation for r of 20%, 50% and 100%, 
respectively. Similar observations could also be found in the study reported by 
Nishibayashi and Yamura (1988); Gomez-Soberon (2002); Domingo-Cabo et al. (2009).  
To reduce the variation in the creep behaviour for RAC with the same RCA r ratios, 
Ravinindrarajah and Tam (1985) investigated the influence of parent concrete on the 
creep behaviour of resulting concrete. Ajdukiewica and Kliszczzewicz (2002) highlighted 
that concrete made with RCA from high-strength parent concrete presented comparable 
or even smaller creep deformation when compared to that of NAC. Tsujino et al. (2006) 
reported that higher creep deformation was observed in RAC compared to that of NAC, 
regardless of the w/c ratios and quality of aggregate. Geng et al. (2016) experimentally 
quantified the influence of parent concrete strength on the creep behaviour of RAC. The 
creep behaviour of RAC could also be influenced by particular mixing method, e.g. EMV 
method (Fathifazl et al., 2011). The creep coefficient and specific creep of RAC with 
complete replacement of NCA by two types of RCA generated from concrete containing 
river-bed gravel and limestone in the Fathifazl et al. (2011) study were comparable to or 
even lower than those of the companion NAC when the RAC were prepared by EMV 
method. The RAC creep behaviour made with EMV method could be predicted by the 
model Fathifazl proposed. 
After comparing their experimental results with various relationships from ASTM 
C512-02 (2002), RILEM Model B3 (1995), CEB-FIP (1990) and a model developed by 
Gardner and Lockman (2001), Domingo-Cabo et al. (2010) concluded that these models 
were conservative to determine the deformation in the NAC and the RAC except the 
CEB-FIP Code for RAC with 50% and 100% RCA. In this case, some researchers have 
managed to propose equations to predict the amplification factor RCA  accounting for 
the effect of the residual mortar on the creep behaviour of RAC, as reported in Eq. (2-1), 
in which RAC  and NAC  is the creep coefficient factor of RAC and NAC, respectively.  
RAC
RCA
NAC



  (2-1) 
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This includes the correlation equations developed by De Brito and Alves (2010), the 
―residual mortar factor‖ proposed by Fathifazl et al. (2011), the ―RCA coefficient‖ 
developed by Fathifazl & Razaqpur (2013) and the correlation equation regressed by 
Geng (2016). The corresponding creep models are summarised in Table 2-3. 
Table 2-3 Summary of creep models for RAC 
Years Authors Formulations 
2010 De Brito and Alves  
RAC
RCA
NAC
1 3.6548 1
 
   
 
D
D
 
2010 De Brito and Alves  
RAC
RCA
NAC
1 0.0682 1
W
W

 
   
 
 
2013 Fathifazl et al. 
RCA RM RC     
RAC NAC
2.4
RAC 1.2 0.6 /
RCA RM
RM 1.33
RAC
RCA
1 (1 )
1
E EV R C
V

      
  
 
1.33
RAC0.6
RM RCA
RC 0.6 RAC
RCA
1
10 1
C Vt
t V
 
 
    
  
 
2016 Geng et al.  
1.33
RAC
RM RCA
RCA RCRAC
RCA
w/c
1 (1 )
1

 
    
  
  
r C V
V
 
2
or or or or
2w/c
2.12( ) 0.52( ) 0.16
ln
2.13( ) 1.28( ) 0.31
w c w c
w c w c

  
  
  
/ /
/ /
 
In particular, the correlation equations developed by De Brito and Roble (2010) relates 
the creep of RAC to that of NAC via the ratio of the density of recycled aggregates over 
that of the natural ones (referred to as De Brito (D) model) or via the ratio of the water 
absorptions of recycled aggregates over that of the natural ones (referred to as De Brito 
(W) model for ease of notation); while the ―residual mortar factor, CRM‖ (referred to as 
Fathifazl (2011) model) addresses that effect through the residual mortar volume fraction 
in RAC; the ―RCA coefficient‖ (referred to as Fathifazl (2013) model) includes one more 
factor (i.e. the ―recoverable creep coefficient‖ κRC) to account for the difference of the 
creep between new mortar and that of the old residual mortar in RCA which, if from real 
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demolishment project, may have already been under sustained loading for a long time; 
while Geng et al. (2016) adds one more parameter to consider the influence of parent 
concrete on the creep behaviour of resulting concrete, based on Fathifazl model (2013). 
By means of using the above formulations, the creep of RAC could be reasonably 
estimated.  
2.3.1.5 Shrinkage 
Due to the significant influence of shrinkage on the long-term behaviour of composite 
slabs, a major portion of the literature review has been devoted to the shrinkage 
deformation of RAC. Current research efforts have been devoted to the influence of RCA 
on the shrinkage behaviour of resulting concrete and are reported in the following, 
including autogenous and drying shrinkage. 
For the autogenous shrinkage of RAC, very limited experimental tests have been 
conducted to date, and the corresponding measurements showed great variation. For 
example, the autogenous shrinkage experiment conducted on RAC by Soberon (2002, 
2003) showed great diversity in the 90 d results, with the autogenous shrinkage 
presenting an expansion of +4 με~+22 με for r≤30%, and with a maximum autogenous 
shrinkage of -31.0 με for r=60%. Results reported by Maruyama and Sato (2005) showed 
that autogenous shrinkage developed more rapidly and largely in high performance 
recycled aggregate concrete (HPRAC) than that in high performance natural aggregate 
concrete (HPNAC) within the age of 1 day, while autogenous shrinkage of HPRAC is 
about 60% smaller than that of HPNAC at 28 days. The 3 d autogenous shrinkage of 
HPRAC was also measured by Gonzalez-Coroninas and Etxeberria (2016) and the results 
showed that the autogenous shrinkage decreased by using lower RCA quality and higher 
RCA content, due to the ―internal curing effects‖. It can be observed that the long-term 
tests on the autogenous shrinkage behaviour of RAC only vary between 3 days to 28 days, 
which is too short in comparisons with the service life of buildings (50-100 years) to 
provide substantial referential information for the structural design, and longer test 
durations are required for the prediction of autogenous shrinkage of RAC. 
For the drying shrinkage behaviour of RAC, first of all, shrinkage tests obtained from 
literatures are summarized, then the influence of typical factors on the shrinkage 
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behaviour is reported, and finally, current models to estimate the shrinkage of recycled 
concrete are summarised.  
Detailed information of current shrinkage tests is reported in Table 2-4, including the 
information of the parent concrete, physical properties of RCA, mixing approaches, RCA 
r ratios, mechanical properties of resulting concrete, and shrinkage test conditions. 
Clearly, most of the experimental work has been devoted to the influence of RCA r ratios 
on the drying shrinkage of concrete with different strength grades. The test data showed 
that RAC tended to exhibit greater shrinkage deformation than the reference NAC, the 
introduction of RCA at relatively low replacement levels, in particular, up to 30% r ratio, 
produced concrete with equivalent or negligibly greater shrinkage than NAC (Corinaldesi, 
2010; Duan et al., 2014). Moreover, recycled concrete made with 100% RCA experienced 
larger shrinkage deformation in comparison with the reference NAC (Ravindrarajah and 
Tam, 1985; Ravindrarajah et al., 1987; Sagoe-Crentsil et al., 2001). However, the 
increase magnitudes in the drying shrinkage of RAC when compared to that of NAC 
varied between 10% and 112.3% for RCA r ratio of 100%, which indicated that the RCA 
r ratio could not be used as the sole factor to evaluate the drying shrinkage of concrete. In 
this context, the influence of particle size distribution on the RAC drying shrinkage was 
studied by Corinaldesi (2010); the influence of RCA properties (water absorption and 
density) on the RAC drying shrinkage was reported by Schoppe (2011), Kou et al. 
(2012 a, 2012 b); the influence of CRM on the drying shrinkage of RAC was investigated 
by Kiuchi and Horiuchi (2003) and Duan and Poon (2014). 
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Table 2-4 Summary of shrinkage tests obtained from literatures 
Years Authors 
Information of parent 
concrete 
CRM 
(%) 
Dssd (kg/m
3
) W (%) Mixing 
Method 
a
 
r (%) w/c fcm(MPa) T, RH t-t0 (d) 
NCA/RCA NCA/RCA 
1985 Ravindrarajah et al. Crushed at 28 days 51-53 2670/2440-2460 0.3/4.5-5.4 PS 0/100 0.50-0.75 24.0-42.5 30℃,77% 70 
1987 Ravindrarajah et al.  Crushed at 365 days — 2678/2631 0.3/5.68 PS 0/100 0.57 29.4-33.8 30℃,80% 90 
2001 Sagoe-Crentsil et al. Commercial waste  — 2890/2394 1.0/5.6 PS 0-100 0.75 26-31.5 — 365 
2002 
Ajdukiewicz and 
Kliszczewicz 
From recycling 
plants 
— — — — 0-100 0.36 60-64 — 360 
2003 Kiuchi and Horiuchi 
Crushed at 77years; 
Crushed at 44 years 
— 
2590/ 
2460, 2480 
1.07/3.21, 
3.02 
— 0-100 0.45-0.65 21-40 20℃,60% 182 
2003 Katz w/c=0.6,28MPa — —/2584-2633 — — 0-100 0.55 25.8-34.6 20℃,60% 90 
2003 Gómez Soberón Crushed at 150days — 2614/2415 0.96/6.15 PS 0-100 0.52 34.5-39.0 20℃,50% 90 
2004 Limbachiya 
From commercial 
waste 
— — — NM 0-100 0.51-0.65 30-40 20℃,55% 90 
2005 Maruyama 
w/c=0.45,50MPa; 
w/c=0.63,30MPa 
50.8 
50.3 
2660/2410 
0.69/ 
6.13, 5.28 
PS 0-100 0.60 21-33 — 200 
2008 Kou and Poon From waste plant — 2620/2543 1.11/3.77 PS 0-100 0.40-0.55 38.1-72.3 23℃,55% 112 
2009 Castaño et al. — — 2665/2460 1.12/5.19 NM 0-100 0.5-0.65 35.8-49.4 20℃,50% 100 
2009 Domingo-Cabo — 18/32 2665/2460 1.12/5.19 NM 0-100 0.5 45.2-54.8 23℃,65% 252 
2010 Łapko and Grygo — — — — TSMA 0-100 — 29-42 — 70 
2010 Corinaldesi From waste plant — 2560/2400 3.0/6.8-8.8 PS 0-30 0.40-0.60 31.6-58.6 20℃,50% 180 
2010 Cabral et al.  — — 2870/2270 1.22/5.65 PS 0-100 0.46-0.74 — 23℃,50% 224 
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Years Authors 
Information of parent 
concrete 
CRM 
(%) 
Dssd (kg/m
3
) W (%) Mixing 
Method 
a
 
r (%) w/c fc (MPa) T, RH t-t0 (d) 
NCA/RCA NCA/RCA 
2011 Schoppe Crushed at 30 days — 
2610/ 
2430-2470 
1.4/4.9-5.4 PS 0-100 0.30-0.60 20.5-58.5 23℃,50% 150 
2011 Fathifazl et al.  — 41/23 
2710/2420 
2740/2500 
0.34/5.4 
0.89/3.3 
PS/EMV 0-100 0.45 34.1-45.9 23℃,50% 224 
2011 Kou et al.  From waste plant — 2616/2640 1.11/3.77 PS 0-100 0.5 52-58 23℃,50% 112 
2012 Kou et al.  Fresh waste concrete ≈100 2620/1826 1.11/32.4 PS/TSMA 0-50 0.35-0.50 34.8-85.7 23℃,55% 112 
2012 Kou et al.  
CDW150/50 mm; 
From waste plant 
— 
2555/ 
2266-2550 
0.56/3.8-6.2 PS 0-100 0.55 27.9-43.4 23℃,55% 112 
2013 Manzi et al.  CDW — 2570/2250 1.3/7.0 PS 0-51.9 0.48 41.3-51.4 20℃,60% 450 
2014 Duan et al.  
From waste plant; 
Block waste 
concrete; 
Laboratory concrete 
20.97 
35.1 
62.9 
2600/2480 
2360 
2363 
1.01/3.36 
6.14 
6.44 
PS 0-100 0.34-0.68 27.7-80.5 23℃,55% 112 
2014 Pedro et al. 
From waste plant; 
Laboratory concrete; 
— 2664/2231-2371 1.0/3.9-7.8 PS 0/100 0.41-0.86 20-65 20℃,60% 90 
2015 Kou et al. fcu=30-100 MPa — 2620/2410-2460 1.1/3.9-6.5 PS 0/100 0.35-0.50 45-65 23℃,50% 112 
2016 
Gonzalez-Corominas 
and Etxeberria 
fcu=40,60, 100 MPa — 2510/2390-2500 1.4/1.2-2.2 PS 0-100 0.29 80 23℃,50% 360 
a
 NM, PS, TSMA, EMV stands for Normal mixing method, Pre-saturation method, Two-stage mixing approach, Equivalent mortar volume method, respectively. 
Table 2-4 (Continued) 
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The influence of parent concrete on the drying shrinkage of recycled concrete was 
also experimentally investigated by Ravindrarajah and Tam (1985), Hansen and 
Erik (1985) and Schoppe (2011), and the shrinkage amplification factor (defined as 
the ratio of RAC shrinkage over NAC shrinkage) has been quantified. Relevant 
experiments carried out by showed that RAC using RCA with higher strength values 
presented a larger shrinkage amplification factor than the companion RAC made of 
RCA with lower strength values, irrespectively of the w/c ratio for RAC. Moreover, 
the shrinkage amplification factor was found to become smaller with the increasing 
w/c ratios of the RAC (Ajdukiewicz et al., 2002; Corinaldesi, 2010; Ravindrarajah 
et al., 1985; Kou et al., 2008; Kou et al., 2012; Limbachiya et al., 2000; 
Limbachiya et al., 2012). Besides, the shrinkage test conducted on the medium 
grade concrete by Kou et al. (2015) showed that the shrinkage increases (compared 
to reference NAC) varied between 35.0% and 3.0% when using parent concrete with 
strengths ranging from 30 MPa to 100 MPa. Similar results on the high grade RAC 
conducted by Gonzalez-Corominas and Etxeberria (2016) investigated that the 
corresponding shrinkage increases decreased from 112.3% to 37.5% by using parent  
concrete with strength increasing from 40 MPa to 100 MPa. The above 
investigations indicated that more parameters should be introduced in addition to 
the CRM, and more research work needs to be carried out to quantify the influence of 
parent concrete quality on the shrinkage. 
The mixing methods may have an influence on the shrinkage of RAC. In particular, 
Tam and Tam (2007) studied the shrinkage of concrete made with increasing RCA 
content produced with the normal mixing method (NM) and two-stage mixing 
approach (TSMA). The test results showed a considerable improvement in the 
compressive strength (increase between 10% and 20% for a replacement level of 
30%) using TSMA, while its influence on the shrinkage deformation could be 
negligible. In this case, similar shrinkage deformations could be obtained in RAC 
with different strengths. Equivalent mortar volume (EMV) method proposed by 
Fathifazl et al. (2011) assumed the residual mortar owned similar properties as the 
new one, treating RCA as a two-component composite material consisted of original 
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particles and residual mortar. Therefore, the same shrinkage properties of RAC as 
NAC was achieved by adding more RCA and less new mortar components into the 
concrete mixtures to keep the same concrete compositions. Fathifazl et al. (2011) 
highlighted that the RAC made with EMV method presented comparable drying 
shrinkage when compared to that of NAC, which could reduce the drying shrinkage 
of RAC using Pre-saturation mixing (PS) methods. It is worth mentioning that only 
selected RCA r ratios have been investigated by Fathifazl et al. (2009, 2011), i.e. r 
= 63.5%-74.3%. Further research efforts need to be devoted to the influence of key 
parameters on the drying shrinkage of RAC using EMV method, e.g. RCA r ratios 
and particle size distributions. 
Considering that similar shrinkage development over time was observed for both 
NAC and RAC, irrespectively of RCA types (Kou et al., 2015), various researchers 
intended to estimate the shrinkage of RAC by introducing shrinkage amplification 
factors (κsh) based on the shrinkage of NAC, as reported in Eq.(2-2). Current models 
to estimate κsh available in literatures are summarised in Table 2-5. 
sh,RAC
sh
sh,NAC



  (2-2) 
In particular, Xiao et al. (2006) proposed the shrinkage amplification factors 
according to the RCA r ratios, and κsh values of 1.0 and 1.5 were specified to 
concrete made with 30% and 100% RCA, respectively. These values were in 
accordance with the specifications in Netherlands and RILEM. Cabral et al. (2010) 
proposed these shrinkage amplification factors (κsh) based on his own test data, in 
which a maximum factor of 1.232 was suggested for RAC with RCA. Also, De 
Brito and Robles (2010) and Fathifazl et al. (2011) estimated the shrinkage 
amplification factors accounting for the influence of aggregate quality and CRM. 
Clearly, current shrinkage models do not include the influence of parent concrete on 
the shrinkage of concrete, and more refined shrinkage models need to be proposed.  
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Table 2-5 Summary of shrinkage models for RAC 
Years Authors Formulation 
2012 Xiao et al. sh
1.0 30%
1.5 =100%
r
r


 

 
2010 Cabral et al. sh 1 0.232 r     
2010 De Brito et al. 
RAC
sh
NAC
6.804(1 ) 1
D
D
     
2010 De Brito et al. 
RAC
sh
NAC
0.1503( 1) 1
W
W
   
 
2011 Fathifazl et al. 
1.45
RM CA
sh
CA
1 (1 )
1
C V
V

   
  
 
 
2.3.2 Non-uniform shrinkage behaviour of composite slabs 
Due to the inability of the concrete to dry from the slab underside, a non-uniform 
relative humidity (RH) distribution and a resulting shrinkage gradient develops 
through the composite slab thickness. The loss of moisture is the main reason to 
account for the shrinkage of concrete. For example, Zhang et al. (2010) highlighted 
that both autogenous shrinkage and drying shrinkage were caused by the loss of RH 
in the capillary pores of concrete. Zhang et al. (2011) also reported the correlation 
between RH and corresponding shrinkage deformation for cement paste, mortar and 
concrete. The obtained shrinkage showed linearly with RH loss, independently of 
cement paste, mortar and concrete. In this case, current available research work 
related to RH distributions and non-uniform shrinkage through the slab thickness is 
summarised in section 2.3.2.1 and section 2.3.2.2, respectively.  
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2.3.2.1 Relative humidity distribution through the slab thickness 
The RH measurements were first reported by Gause and Tucker (1940) to investigate 
the influence of ambient environmental conditions on the internal RH distributions by 
adopting probes and sensors for the RH measurements.  
Carrier et al. (1975) measured the moisture contents of two bridge decks, one was a 
composite slab with profiled steel decking and the other was a conventional 
reinforced concrete slab permitted to dry from the top and bottom surfaces after the 
timber forms were removed. The moisture loss was significant only in the top 50 mm 
of the slab with profiled steel decking and in the top and bottom 50 mm of the 
conventional reinforced slab. 
Kim and Lee (1999) conducted the moisture test by means of RH probe on three 
groups of concrete, i.e. high strength concrete (76 MPa), normal strength 
concrete (53 MPa) and low strength concrete (22 MPa). The exposed depth was 
200 mm, and the RH at the depths of 30 mm, 70 mm and 120 mm was measured. The 
curing age ranged from 3 days to 28 days. Moisture gradient was observed in all the 
concrete samples, and larger RH values were measured inside the concrete with 
longer curing age (i.e. 28 days) when compared to that of 3 days. The moisture 
condition at the depth of 120 mm was barely influenced by the ambition drying 
condition. 
Wan et al. (2003) conducted the moisture test to obtain the correlation between RH 
and Boltzmann variable (λ, defined as x/t1/2, in which x is the depth from the top 
surface of the slabs (mm) and t is the drying time (days)) for both NAC and RAC 
slabs. The obtained results illustrated that the RH complied with Eq. (2-3) in both 
NAC slabs and RAC slabs, despite that larger water absorption capacity was observed 
in RCA when compared to NCA. 
  
2
1 2
3
100 1
/ 2



 
 
   
 
 
RH
x t
 (2-3) 
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In which, λ1, λ2 and λ3 are constant coefficients regressed based on experimental data.  
Jiang et al. (2003 a, b) measured the RH inside concrete slabs caused by 
self-desiccation and moisture egress due to the air drying, and the test parameters 
consisted of the concrete strength ranging from C15-C90. The thickness of the 
specimen was 300 mm, and the RH values at the depth of 30 mm, 110 mm and 
210 mm were measured. Greater moisture gradient was obtained for the concrete 
slabs with higher w/c ratios, i.e. with lower compressive strength values. 
Grasley et al. (2006) reported the measurements on the moisture gradient and 
corresponding stress gradient through the thickness of slabs using concrete with w/c 
ratios of 0.32 and 0.44. The exposed depth was 76 mm, and the RH at various depths 
was measured (Figure 2-4). The obtained results showed that less than 10% change in 
the RH was observed at the depth of 40 mm from the top of the slabs. 
 
Figure 2-4 Layout of RH tests by Grasley et al. (2006) 
Huang et al. (2007) conducted the test on the moisture distribution through the 
thickness of slabs sealed on their edges and bottom surfaces for the early 28 days. 
The slabs were made with normal strength concrete (i.e. C40 concrete) and high 
strength concrete (i.e. C80 concrete), with thickness of 200 mm. The obtained results 
showed that the moisture gradient was obtained for both slabs made with normal 
strength concrete and high strength concrete. And higher reductions in the moisture 
inside the high strength concrete slabs were observed, when compared to that of 
normal strength concrete slabs, which was mainly due to the fact that moisture was 
caused by the self-desiccation of concrete. For example, an RH of 75% was observed 
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for high strength concrete at the depth of 180 mm, while an RH of 100% was still for 
normal strength concrete. 
Dong et al. (2008) measured the variation of RH inside concrete slabs made with 
coarse aggregate, ceramsite and fly ash ceramsite. The exposed depth is 300 mm, and 
the RH at the depths of 10 mm, 20 mm, 30 mm, 50 mm, 100 mm and 200 mm were 
monitored. The w/c of the concrete was 0.30, and the water absorption of ceramsite 
and fly ash ceramsite was 6.6% and 17.0%, respectively, both of which were much 
larger than that of NCA. The measured results showed that the influence of depth 
over 100 mm could be negligible on the RH. 
Gao et al. (2009) and Gao et al. (2010) carried out moisture and shrinkage 
distribution through the thickness of slabs with only one surface exposed to air drying. 
Three groups of concrete with w/c of 0.32, 0.38 and 0.45 were prepared. Due to the 
loss of moisture, the RH at the depth of 10 mm was 72%, 66% and 62% for concrete 
with w/c of 0.45, 0.38 and 0.32, respectively; while these values increased to 90%, 89% 
and 87% at the depth of 100 mm. It was worth mentioning that the RH at the depth of 
100 mm remained at constant and was mainly caused by the self-desiccation of 
concrete. 
Meng (2010) measured the RH distribution through the thickness of normal strength 
concrete slabs for a period of 300 days. At the end of the test (i.e. 300 days from 
concrete casting), the RH at the depth of 130 mm was still larger than 90%, which 
indicated that the sensitive thickness for the drying shrinkage of concrete slabs was 
less than 130 mm. 
A newly developed measurement system for measuring internal RH in concrete at 
early ages is introduced by Zhou et al. (2011), the changing laws of internal RH in 
concrete at early ages were studied and the finite element analysis of internal RH was 
carried out using the software ANSYS. In particular, the RH values at the surface and 
the depth of 90 mm were reduced to 72.4% and 95.3% after 21 days of drying. 
Based on the aforementioned literature review on the RH distributions, it can be 
concluded that normally two types of transducers have been selected to monitor the 
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internal RH through the thickness of the concrete slabs, i.e. RH probe and RH sensor. 
Several literatures have been devoted to RH distribution through the thickness of 
slabs made with normal grade concrete, while some experimental works have 
investigated the RH distributions through the thickness of slabs over time using high 
strength concrete at the early age of curing, as it is closely related to cracking in 
concrete. Significant RH gradient has been observed for all concrete slabs with only 
one surface exposed to air drying, and the sensitive depth under the effects of 
ambition environmental RH has been reported to range from 40 mm to 100 mm. The 
above investigations could also provide some guidance for the response of 
composite slabs under shrinkage effects, considering that the shrinkage effects were 
caused by the RH loss inside slabs and that only the top surfaces of composite s labs 
were allowed to dry, which was similar to that in concrete slabs with their bottom 
sealed.  
2.3.2.2 Non-uniform shrinkage deformations through the slab thickness 
Ranzi et al. (2010) conducted the non-uniform shrinkage tests on 3 small-scale 
shrinkage samples with a thickness of 125 mm. The top surface of all slabs exposed 
to air drying, while the bottom surface of the slabs was different (i.e. exposed, 
sealed with materials and sealed by steel decks, respectively). The small-scale 
shrinkage samples were prepared without reinforcements to obtain the non-uniform 
shrinkage distribution through the slab thickness. The obtained results showed that 
the shrinkage gradient occurred in composite slabs and increased over time. 
The shrinkage profiles were also observed in composite slabs cast on open trough 
steel decks. Gilbert et al. (2012) tested the non-uniform shrinkage through the 
thickness of composite slabs cast on different profiled steel decks, i.e. Fielder RF55, 
Fielder RF40 and Fielder RF70 with deck depths of 55 mm, 40 mm and 70 mm, 
respectively. Three different slab depths of 150mm, 200mm and 300mm were 
specified to the samples and two different sealing conditions were selected, i.e. 
Type A: sealed with plastic and Type B: sealed by profiled steel decking. Apparent 
non-uniform shrinkage profiles were measured in all the cases, which could bring in 
greater curvatures in the composite slabs. This study also compared the influences  
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of different shrinkage distributions on the long-term behaviours of composite slabs. 
In particular, the non-uniform shrinkage could cause larger deflection in the 
resulting concrete, while the constant shrinkage would produce larger tensile stress 
on the bottom surface of concrete. 
The shrinkage gradient was also measured in the post-tensioned composite slabs. 
Ranzi et al. (2013) measured the shrinkage deformation in small-scale shrinkage 
slabs under three different sealing conditions. In particular, one is solid slab with 
both top and bottom surfaces exposed to the environment (referred to as S1), one is 
solid slab with only top surface exposed to the environment (noted as S2), and the 
third one is composite slab with only top surface exposed to the environment 
(referred to as S3 and S4). Experimental results showed that uniform shrinkage 
profile was observed in S1, while non-uniform shrinkage profile (around with -0.2 
and 1.1 times of uniform shrinkage at bottom and top surfaces) were observed in S2. 
Due to the restriction of steel deck, greater shrinkage gradient was observed in S3 
and S4 when compared to S2. 
Gholamhoseini et al. (2014) proposed a design procedure to calculate the long-term 
deflection of composite slabs, introducing the influence of steel deck on the 
shrinkage profiles. In particular, the hypothetical thickness of slabs, which could be 
estimated by the average thickness tave (mm) defined as the cross-sectional area of 
the composite slab As over its width b, is suggested to be (0.5tave+50mm) from 2tave 
in accordance with the traditional method, e.g. EC4(BSI, 2004). For composite 
slabs cast on particular steel decking of KF70 and KF40, the shrinkage profiles was 
suggested to be 0.2/1.2εsh and 0.2/0.7εsh on the soffit and top of the slabs, and εsh is 
the shrinkage estimated by means of using the hypothetical thickness th. Based on 
the experimental data on composite slabs cast on open trough decks (i.e. KF40 and 
KF70), a more complicated shrinkage model was proposed by Gholamhoseini et al. 
(2014) to calculate the long-term deflection due to shrinkage effects, with the 
non-uniform shrinkage profiles illustrated in Figure 2-5. In particular, the value of λ 
was suggested to be 0.2, and the value of γ was estimated according to the selected 
steel decking and could be calculated by Eq (2-4), where γd is calculated by the ratio 
of steel deck depth over that of composite slab depth D. 
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γ =2.0-2.25 γd (2-4) 
 
Figure 2-5 Non-uniform shrinkage in composite slabs (Gholamhoseini et al., 2014) 
Al-deen and Ranzi (2015) conducted shrinkage tests on four groups of small-scale 
samples according to the sealing condition of slab bottom surface. In particular, SS 
samples were designed with bottom and top surfaces exposed to air drying; SP 
samples were prepared with bottom surface sealed with plastic, PF and CK samples 
were cast on PrimForm and Condeck HP steel decking, respectively. In each test 
group, three slab thicknesses of 120 mm, 180 mm and 250 mm were specified. 
Based on the experimental investigation, a non-uniform shrinkage distribution of 
1.2εsh /0.2εsh on the top and bottom surface of slabs, in which εsh is the shrinkage 
obtained in the SS samples.  
The shrinkage gradient not only affected the long-term behaviour of composite 
slabs but also produced a significant influence on the time-dependent deflection of 
composite beams. Al-deen et al. (2011) reported the non-uniform shrinkage in 
composite beams cast on profiled steel decking and the influence on its 
serviceability behaviour. In particular, two groups of small-scale shrinkage samples 
were designed and prepared according to the slab depth (i.e. 125 mm and 180 mm), 
and in each group one sample with both top and bottom surfaces exposed to 
environment and one sample with top surface exposed and bottom surface sealed by 
plastic materials and a third one sealed by Condeck HP. Linear shrinkage 
distributions were measured in the cases of slabs sealed on their soffit, independent 
of sealing materials. For the routine design purposes, the shrinkage profiles with 
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1.25 εsh and 0 was suggested for composite beams, in which εsh is the uniform 
shrinkage measured in the slab with both surfaces exposed to air drying.  
Similar observations related to the non-uniform shrinkage profiles could be 
obtained from literatures, e.g. Gholamhoseini et al. (2013 a, 2013 b, 2013 c and 
2013 d), Gholamhoseini et al. (2014 a, 2014 b and 2014 c), Gholamhoseini et al. 
(2015) and Gholamhoseini et al. (2016 a, 2016 b). Based on the literature review 
reported in section 2.3.2, it could be concluded that only the RH near the surface of 
concrete slabs with their soffit sealed were influenced, while the RH remained 
constant for the depth larger than 100 mm, in which case, a non-uniform RH could 
be obtained in concrete slabs. Because of this, a non-uniform shrinkage occurred in 
composite slabs due to their inability to dry from their bottom surfaces. To date the 
shrinkage gradient through the thickness of composite slabs has yet to be quantified, 
and further research efforts need to be devoted to quantify the shrinkage profiles 
through the thicknessed of composite slabs. 
2.3.3 Short-term and long-term behaviour of composite slabs 
Composite slabs with profiled steel decking used as permanent formwork are 
commonly used in the construction of floors in buildings. The steel decking 
supports the wet concrete of a cast in situ slab and, after the concrete sets, acts as 
external reinforcement. Composite slabs designed in accordance with modern 
design standards, such as EC 4 (BSI, 2004), AS2327 (SA, 2010) and 
CECS273:2010 (CECS, 2010) are required to satisfy both ultimate and 
serviceability limit states. 
2.3.3.1 Short-term behaviour of composite slabs 
For the ultimate limit state of composite slabs, failure models, e.g. flexural failure, 
longitudinal shear failure and vertical shear failure, may be observed in composite 
slabs. As shown in Figure 2-6, the flexural failure (at section b-b) and longitudinal 
shear failure (at section c-c) of composite slabs are easier to be obtained in prior to 
vertical shear failure (at section a-a). In this manner, current experimental 
investigations related to the static behaviour of composite slabs made with RCA are 
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summarised and reported in section 2.3.3.1 for flexural behaviour and longitudinal 
shear behaviour.  
 
Figure 2-6 Shear stress versus inverted slenderness in a composite slab 
For the flexural behaviour of composite slabs, the design flexural capacity is 
calculated using plastic section analysis assuming the concrete to be subjected to its 
maximum design strength and the steel to its yield stress. The calculation of ultimate 
bending moment is verified by various experimental investigations related to 
composite slabs with normal concrete, and interest concerning further research in this 
area has come about due to new constructions, e.g. Ranzi et al., (2013). 
For the flexural behaviour of composite slabs made with RCA, Luo (2012) conducted 
flexural test on 6 full-scale specimens with large-size RCA (particles size larger than 
100 mm). The samples were cast on Bondek II profiled steel decks with a thickness 
of 1.0 mm and prepared with 2Φ16 studs at each end. Their span and depth of slabs 
were 2700 mm and 142 mm, respectively. Four RCA replacement ratios of 0%, 11%, 
21% and 31% was accessed. Experimental results showed that the influence of RCA 
replacement ratios on the ultimate bending moment of composite slab could be 
negligible and the ultimate bending moment could be predicted by the current code 
procedure for NAC. 
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Zhu (2013) conducted experiments on 10 full-scale composite samples, including 6 
samples with normal strength (fcu=40 MPa) and remaining 4 samples with high 
strength (fcu=60 MPa). The slabs were cast on YX66-240-720 profiled steel decks 
with the thickness varied between 0.8 mm and 1.2 mm and with the depth of 66 mm. 
The length of all slabs was 3000 mm, and two depths of 120 mm and 150 mm were 
considered. The RCA replacement ratios of 0% and 100% were assessed. Two 
third-point loads were applied to the composite slab to achieve flexural failure. 
Corresponding results showed that a maximum reduction of 6.9% was obtained in the 
ultimate bending moment of composite slabs with normal grade RAC, while 
negligible influence of RCA was observed on the flexural behaviour of composite 
slabs with high strength RAC. 
Cao et al. (2014) conducted the flexural test on 6 full-scale steel-bars truss slabs 
made with high strength RAC. The length of the samples was 3000 mm, and the 
depths were 120 mm and 150 mm respectively. Two RCA replacement levels of 0% 
and 100% were evaluated. Two third-point loads were applied to the slabs under 
simply-supported condition. Experimental results showed that NAC and RAC 
steel-bars truss slabs showed similar ultimate bending moment, while up to 38.9% 
larger deflections were observed in the RAC sample when compared to NAC 
measurements. 
Zhang et al. (2015) conducted flexural test on 7 full-scale composite floor systems 
made with 100% RCA. The length of the samples was 3000 mm, and the depths were 
120 mm and 150 mm respectively. The experimental results illustrated that the 
influence of RCA on the flexural behaviour of composite floor systems may be 
negligible, and the variation on the ultimate bending moment was caused by the 
difference of concrete compressive strength, i.e. 55.9 MPa for RAC and 65.8 MPa for 
NAC. However, 7.6%-29.0% higher deflection of RAC samples were observed than 
that of NAC samples, in which case, a reduction rate of 0.9 was proposed for the 
estimation of instantaneous stiffness of RAC samples. 
The modelling procedures on the flexural behaviour were identical for both NAC and 
RAC composite slabs. In particular, Cui et al. (2015) conducted the numerical study 
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on the composite slabs made with RCA by means of using ABAQUS software. The 
element types of concrete, steel deck, reinforcement and steel studs were C3D8I, S4R, 
T3D2 and T3D2, respectively. The interaction between the solid slab and steel deck 
was simulated by tie connection, while the reinforcement and steel studs were 
embedded into the concrete solid slabs. The authors highlighted that the ultimate 
bending moment could be estimated by means of using the models introduced, 
however, the rigidity of the slabs was slightly overestimated due to the tie connection 
between the solid slab and steel deck. 
Based on the above investigations, the flexural behaviour of RAC composite slabs 
was similar to that of NAC ones, and the reductions in the bending moment and the 
increase in the instantaneous deflections were explained by the decreases in the RAC 
compressive strength and elastic modulus when compared to those of NAC. Current 
internation design specifications could still be capable to predict the flexural 
behaviour of RAC composite slabs.  
Two typical design procedures are recommended to evaluate the longitudinal shear 
capacity of composite slabs, i.e. the m–k method and partial shear connection (PSC) 
method, e.g. EC4 (BSI, 2004). These methods require conducting experimental 
results for full-scale laboratory specimens subjected to four-point bending tests. 
Specimens must be designed and tested according to EC4 (BSI, 2004 requirements 
and results must provide a lower limit for the design value of the longitudinal shear 
strength of composite slabs. Such requirements are essentially a previous cyclic load, 
which simulates a long-life effect on the mechanical behaviour of the slabs and 
eliminates any chemical bond between steel and concrete. The m–k method consists 
of determining two coefficients (m and k) per type of profiled steel sheet by means of 
full slab specimens under the bending scheme. The experimental straight line that 
defines the longitudinal shear behaviour of the composite slabs is obtained by means 
of two sets (short-span and long-span) with at least three specimens each. The m and 
k parameters are determined through a numerical analysis of the data measured from 
the composite slab full-scale tests and given by Eq. (2-5): 
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In which the V and Vt is the design and predicted vertical shear force; b and dp is the 
width and effective depth of composite slab; Ls is the shear span, which could be 
selected as L/4 for composite slabs under simply-supported condition; Ap is the area 
of selected profiled steel deck; 1/γVS is a reduction factor, and is usually selected as 
1.25. 
The partial shear connection (PSC) method verifies the bending strength of ductile 
slabs with ductile connections, as shown in Figure 2-7. The main procedures are 
listed as Eq. (2-6)~(2-11), where Mtest is maximum bending moment at any 
cross-section of the composite slabs; ηu is the maximum longitudinal shear stress 
(MPa) measured from full-scale test or push out tests; η is the shear connection 
degree of the composite slabs, and defined at the ratio of the actual compressive force 
applied in concrete (Nc) over the compressive strength applied in concrete with full 
shear connection (Ncf); Mpa and Mpr is the plastic moment and reduced plastic 
moment resistance of the sheet, respectively. Ls and L0 is the shear span and the 
cantilever length of the slab near the support; D is the thickness of the composite 
slabs, xpl is the disantce of the plastic neutral axis of the composite slabs to its upper 
surface, e and ep is the disance of the centroid and the plastic neutral axis of the 
effective area of the sheeting to its underside, respectively. fcm and fyd is the cylinder 
compressive strength and yielding tensile strength of concrete and steel decking, 
respectively. 
Mtest=η·Ncf·z+Mpr (2-6) 
Nc =ηu·b·(Ls+L0) (2-7) 
η=Nc/Ncf (2-8) 
z=D-0.5xpl-ep+(ep-e)Nc/(Apfyd) (2-9) 
Mpr=1.25Mpa(1- Nc/(Apfyd)) (2-10) 
xpl= Nc/(b0.85fcm) (2-11) 
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Figure 2-7 Longitudinal shear strength calculated by PSC method 
Current research efforts related to NAC composite slabs have been devoted to (1) 
the influence of studs on the longitudinal shear behaviour and (2) the influence of 
slip between the decks and concrete slabs on the longitudinal shear behaviour. For 
the longitudinal shear strength of composite slabs made with RCA, Xiao et al. 
(2006) and Xiao et al. (2012) conducted 6 full-scale slabs cast on YX76-305-915 
profiled steel decking. The length and the depth were 1800 mm and 140 mm, and 
the shear spans were 450 mm and 600 mm, respectively. Three RCA replacement 
ratios of 0%, 30% and 100% were assessed. The experimental data showed that for 
short shear span (Ls) of 450 mm, composite slabs made with 30% RCA presented 
the highest longitudinal shear strength (Vtest), while composite slabs made with 100% 
RCA behaved similarly to that made with NCA. 
Luo (2012) reported that composite slabs made with larger-size RCA (particles size 
larger than 100 mm) presented comparable and even better longitudinal shear 
strength (Pu) to that made with NCA. In particular, the test longitudinal shear 
strength (Vtest) of composite slabs made with 0%, 11%, 21% and 31% of RCA was 
161, 171, 167 and 175 kN. The maximum difference between the obtained Vtest was 
8% for different r ratios. 
The modelling procedures on the longitudinal shear behaviour are the same for both 
NAC and RAC composite slabs. For numerical investigation of composite slabs 
made with RCA, Luo (2012) set up the finite element model by means of ABAQUA 
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software. In particular, the concrete solid slab and the profiled steel deck, the 
reinforcement was modelled by C3D8R, S4R and T3D2, respectively. The 
interaction between the profiled steel deck and solid slab was simulated by spring 
element, and the stiffness of each spring was estimated by means of push-out test. 
Based on current available experimental data, it seems that RCA has no remarkable 
influence on the flexural and longitudinal shear behaviours of composite slab. RAC 
composite slabs even could present comparable or even larger flexural and 
longitudinal shear capacities compared to those of NAC composite slabs.  
2.3.3.2 Long-term behaviour of composite slabs 
Shayan et al. (2010) conducted long-term tests on 4 full-scale slabs (two composite 
slabs and two reinforced concrete slabs). All the slabs were prepared with a span of 
2600 mm and with a depth of 125 mm. For each group of the full-scale slabs (i.e. 
composite slabs and RC slabs), one was designed under the shrinkage and 
self-weight only, while the other one was also subjected to sustained loading at 
28 days from concrete casting. The obtained results showed that the shrinkage 
gradient in composite slabs caused a significant deflection in the resulting 
composite slabs, irrespectively of the grade of external loading.  
A series of 10 full-scale composite slabs under simply-supported conditions was 
tested by Gilbert et al. (2013), including five cast on KF70 and another five 
prepared on KF40 profiled steel decking. Each slab was 3300 mm long, with a 
depth of 150 mm and contained no reinforcement (other than the external steel 
decking). The obtained results showed that the shrinkage and self-weigh took up 
more than 50% of the total deformation at 240 days from casting, irrespectively of 
different loading grades. 
The shrinkage gradient was also measured in the post-tensioned composite slabs, as 
reported by Ranzi et al. (2013). Four full-scale post-tensioned slabs were prepared, 
with a depth of 180 mm and a span of 8000 mm. For the influence of shrinkage 
profiles on the long-term deflection of slabs, the composite slabs cast on profiled 
steel decking (i.e. Condeck HP) experienced 15 mm-20 mm deflections at the test 
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period of 238 days, while the reinforced concrete slab only developed around 2 mm 
deflection. Ranzi et al. (2013) also conducted the flexural test on six full-scale 
post-tensioned slabs after subjected to self-weight and shrinkage effects for 
8 months, including two solid slabs and four composite slabs cast on Condeck HP 
and PrimeForm profile. The obtained results showed that the influence of prior time 
effects on the flexural behaviour of composite slabs could be negligible, 
independently of solid slabs and composite slabs. 
Al-deen et al. (2015) conducted long-term test on both the small-scale shrinkage 
samples and four full-scale slabs. In particular, the full-scale were all 3300 mm long 
and 180 mm deep, and consisted of two RC slabs and remaining two composite 
slabs. The selected profiled steel decking was Condeck HP. The measured shrinkage 
at the soffit of the slabs sealed by means of a plastic sheet. The RC slabs were 
constructed with equivalent amounts of reinforcement to better highlight the 
influence of steel decking on the shrinkage profiles. Increases of 54% to 110% in 
the mid-span deflection were observed in the composite slabs when compared to 
that of RC samples. 
Similar observations related to the non-uniform shrinkage profiles could be 
obtained in the study, e.g. Gholamhoseini et al. (2013 a, 2013 b, 2013 c and 2013 d), 
Gholamhoseini et al. (2014 a, 2014 b and 2014 c), Gholamhoseini et al. (2015 a, 
2015 b and 2015 c) and Gholamhoseini et al. (2016 a, 2016 b). In addition, it is 
worth mentioning that no slip was measured in the composite slabs between the 
solid concrete and profiled steel decking under serviceability working condition, 
even when no studs were set at each end of the slabs. 
Considering no research efforts have been conducted on the influence of RCA on 
the time-dependent behaviour of composite slabs, the influence of RCA on the 
long-term behaviour of reinforced concrete beams was summarised and reported in 
the following. For example, Łapko and Grygo (2010) measured the long-term 
deflection of two reinforced concrete beams under simply-supported conditions, 
including one made with RCA and the other one made with NCA. Both beams were 
designed with the span of 3200 mm and the depth of 200 mm. The constant value of 
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load was subjected in the form of two concentrate forces located at the one-third of 
beam span for a time period of 107 days. The RAC was designed with similar 
compressive strength to that of NAC; the corresponding deflection for the RAC 
beam, however, was 20% higher than that of NAC measurement. Similar 
observations in the long-term deflections have been reported by Choi and Yun (2013) 
and Luo (2014). Liu et al. (2013) also reported that the maximum cracking width 
increased with increasing RCA content, and amplification factors of 1.20 and 1.33 
were suggested for the beams when 50% and 100% RCA was used, respectively. 
Seara-paz et al. (2016) conducted the long-term behaviour of reinforced concrete 
beams for a test period of 1000 days. Two types of concrete with w/c of 0.50 and 
0.65 were selected, and four RCA replacement ratios r of 0%, 20%, 50% and 100% 
was specified. The measured long-term deformation highlighted that the RAC 
beams presented approximate 76% higher shrinkage than the reference NAC 
samples. The above research efforts highlighted the need to investigate the 
influence of RCA on the time-dependent behaviour of composite slabs to promote 
its structural applications. 
For the numerical simulations related to the time effects on the serviceability 
behaviour of composite slabs, cross-sectional analysis using step-by-step method 
(SSM) was selected by Ranzi et al. (2011) and using age-adjusted modulus method 
(AEMM) was used by Al-deen and Ranzi (2015) and Al-deen (2015) under 
un-cracked condition, while cross-sectional analysis using AEMM was adopted by 
Gilbert et al. (2012) on both un-cracked cross-section and full-cracked cross-section. 
Based on these methods, the influence of the shrinkage profiles on the 
time-dependent behaviour of composite slabs was evaluated, i.e. stress and 
deflections. The simulated results showed that larger concrete stress and smaller 
deflections were obtained when uniform shrinkage profiles were selected, while 
smaller concrete stress and larger deflection were observed in the non-uniform 
shrinkage case. The effects of creep and shrinkage on the time-dependent behaviour 
of reinforced concrete and composite steel-concrete slabs are discussed and 
procedures for the prediction of the long-term deflection are presented by Gilbert 
(2013). The time-dependent deformations caused by creep and shrinkage are 
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modelled using tractable formulations developed using the AEMM. Bradford et al. 
(2011) proposed a theoretical model to evaluate the influence of shrinkage gradient 
and the degree of partial shear connection on the long-term deflection of uncracked 
composite slabs based on the principle of virtual works. This study highlighted that 
for composite slabs without slip between the concrete and solid slabs, the long-term 
deflection increased with increasing shrinkage gradient. Based on the above 
investigations, it could be concluded that mainly cross-sectional analysis has been 
used to simulate the long-term behaviour of composite slabs, and none 3D 
numerical models have been obtained in literatures to account for the combined 
effects of non-uniform shrinkage, creep and concrete cracking on the long-term 
behaviour of composite slabs. 
For the design procedures of composite slabs for routine design purposes, the 
influence of shrinkage deformation on the long-term behaviour of composite slabs 
is neglected by CECS273:2010 (CECS, 2010), EC4 (BSI, 2004) and ANSI/SDI 
(2011), while the influence of shrinkage on the calculation of crack moment is 
considered in EC2 (BSI, 2002). However, the influence of non-uniform shrinkage 
profiles on the long-term behaviour of composite slabs has not been considered in 
any code procedures. For the influence of creep on the long-term deflections of 
composite slabs, only half of the elastic modulus of concrete is considered in 
CECS273:2010 (CECS, 2010) and ANSI/SDI (2011), while Ec/(1+1.1θL) and 
Ec/(1+θcr) are selected for EC4 (BSI, 2004) and AS2327.1 (SA, 2010), in which θL 
and θcr is the creep coefficient of concrete. To consider the effect of concrete crack 
on the long-term behaviours of composite slabs, the average of fully-cracked 
stiffness (Icr) and un-cracked stiffness (Iuncr) is recommended by CECS273:2010 
(CECS 2010) and EC4 (BSI, 2004), while the effective stiffness (Ief) is calculated 
based on the service moment and crack moment in EC2 (BSI, 2002), ANSI/SDI 
(2011) and AS2327 (SA, 2010). To date, no design procedures are specified in 
available guidelines for composite slabs to account for the combined effects of 
non-uniform shrinkage, creep and concrete cracking for their routine design, and 
more refined design procedures need to be proposed. 
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CHAPTER 3 Influence of Service Time of 
RCA and Mixing Methods on the Mechanical 
Properties of RAC 
 Introduction 3.1
Except for the side effects of recycled coarse aggregate (RCA) on the mechanical 
behaviour of resulting concrete, the high variation in the mechanical properties loss even 
with same aggregate replacement (r) ratio is another key factor that limits the use of RCA 
in structural members. The service time of RCA may also be one of the key factors to 
influence the mechanical properties of recycled aggregate concrete (RAC) because the 
properties of mortar and the amount of un-hydrated cement in the mortar may change 
over time, e.g. Katz (2003) and Maruyama et al. (2014), both of which could affect the 
mechanical properties of RAC. In this context, this chapter aims at investigating the 
influence of service time for parent concrete on the mechanical properties of RAC. 
Selected parent concretes included 1-year-old laboratory concrete, 18 and 40-year-old 
demolished concrete, all of which had similar compressive strength of 38 MPa. As part of 
this study, the influence of two typical mixing methods, i.e. equivalent mortar volume 
(EMV) method (Fathifazl et al., 2009) and pre-saturation (PS) approach (Xiao et al., 
2012) on the mechanical properties of RAC was evaluated. The RCA replacement ratios 
and the particle size distributions were selected as test variables. Tested mechanical 
properties included compressive strength, elastic modulus and shrinkage deformation. 
Based on the experimental data collected from this study and those available in literatures, 
the model of concrete compressive strength development over time was modified to 
account for the ―internal curing effect‖ induced by RCA; the elastic modulus model for 
RAC was developed accounting for the effect of residual mortar content (CRM); and 
current shrinkage models for RAC proposed by De Brito et al. (2011) and Fathifazl et al. 
(2011) were validated. 
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 Experimental programme 3.2
3.2.1 Material 
3.2.1.1 Cement 
ASTM I Portland cement (with a specific density of 3.17) was used as binder for the 
concrete prepared for this study. The measured physical properties and chemical 
composition of the cement are listed in Table 3-1 and Table 3-2, respectively, both of 
which conform to the quality requirements of GB175 (MHURD, 2007). 
Table 3-1 Physical properties of cement 
fct,f,3
 a
(MPa) fct,f,28
 a
 (MPa) fc,3
 b
 (MPa) fc,28
 b
 (MPa) Density (g/cm
3
) 
4.8 6.8 21.3 50.8 3.17 
a
 fct,f,3, fct,f,28 —Flexural tensile strengths of cement measured at 3 and 28 days, respectively. 
b 
fc,3, fc,28 —Compressive strengths of cement measured at 3 and 28 days, respectively. 
Table 3-2 Chemical composition of cement (%) 
SiO2 Al2O3 Fe2O3 CaO R2O SO3 MgO L.O.I
 a
 
21.14 5.47 3.96 62.28 0.95 2.6 1.7 1.6 
a 
L.O.I — Loss on ignition. 
3.2.1.2 Natural aggregates 
River sand (0-5 mm) with a fineness modulus of 2.58 and limestone (5-25 mm) were 
used as natural aggregates, both of which are generally considered as representative 
aggregate sources adopted in concrete mixtures in China. 
3.2.1.3 Recycled coarse aggregates 
Recycled coarse aggregates used in the test were gathered from three sources. One source 
was the 1-year-old laboratory waste concrete (collected from tested full-scale RC beams) 
with a w/c ratio of 0.45 and with a 150 mm
3 
cubic compressive strength fcu150 of 
37.5 MPa (called as RCA1-I). The other two sources were real demolition projects of 18 
and 40-year-old buildings (referred to as RCA18-I and RCA40-I, respectively), both of 
which had w/c ratio at the order of 0.45 and 150 mm
3 
cubic compressive strength fcu150 of 
38 MPa. These two demolished buildings represented typical Chinese structures adopting 
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normal strength concrete and being demolished after their service life. All three 
demolished concrete underwent a two-stage crushing process. The first crushing 
treatment was carried out on the demolition site (or laboratory) with clamp mechanical 
excavators and jackhammers, while the second crushing process was performed with 
jackhammers and jaw crusher, during which the size of the waste concrete was reduced 
to less than 25 mm. The RCA was then sieved with square mesh to achieve a proper size 
fraction in accordance with the Chinese standard JGJ-52-2006 (MHURD,2006). To 
investigate the influence of the particle size distribution on the mixing methods of 
recycled concrete, part of the 18-year-old aggregate was sieved again to obtain a finer 
particle size distribution, in which manner the coarser and finer RCA were referred to as 
RCA18-I and RCA18-II, respectively. For comparison purposes, similar particle size 
distributions of coarse aggregate were used for the preparation of RAC and NAC 
specimens, and the coarser and finer NCA were notated as NCA-I and NCA-II, 
respectively. Detailed particle size distribution for aggregates are presented in Figure 3-1. 
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Figure 3-1 Particle size distributions of aggregates 
Material properties measured in accordance with JGJ-52-2006 during the experiments, 
e.g. density, water absorption and index of crushing are reported in Table 3-3. Based on 
this characterisation, all the three recycled aggregates were graded as Type-II RCA in 
accordance to Chinese code JGJ/T 240-2011(MHURD, 2011). The residual mortar 
content of RCA was obtained by means of a thermal treatment method, as recommended 
by Domingo et al. (2010). In particular, the aggregate samples were heated from ambient 
temperature up to 700 ˚C in 1.5 h (with a linear variation in temperature) and maintained 
at this temperature for 1 h, after which they were cooled down by dipping them into cold 
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water. Mortar still adhered to the aggregates was removed with the use of a rubber mallet. 
The aggregates were weighed before and after the procedure, and the difference between 
these values represented (expressed as a percentage loss in weight) the content of residual 
mortar (CRM). 
Table 3-3 Physical and mechanical properties of aggregates 
Properties 
Aggregates 
NCA-I RCA1-I RCA18-I RCA40-I NCA-II RCA18-II NFA 
D (kg/m
3
)
 a
 2678.6 2518.5 2492.6 2427.9 2777.2 2588.1 2623.4 
Dssd(kg/m
3
)
 b
 2692.0 2597.8 2572.2 2570.8 2792.5 2673.5 2713.9 
ω (%)
 c
 0.50 3.15 3.22 3.27 0.55 3.30 3.45 
CRM (%) — 53.1 32.9 47.9 — 32.2 — 
Texture of 
rocky matrix 
Limestone Andesite Andesite Monzonite Limestone Andesite 
River 
sand 
Acv (%)
 d
 3.1 12.8 13.4 23.0 4.3 15.2 — 
a
 D, dry density of aggregate. 
b
 Dssd, saturated surface dry density of aggregate.
 
c 
ω, water absorption of aggregate.
 
d
Acv, the index of crushing was measured in accordance with JGJ-52-2006 and similar testing 
procedure could also be obtained in British Standard 812-110. Higher value of index of crushing 
means lower compressive strength for coarse aggregate. 
3.2.2 Concrete mixtures 
The details of the mix proportions are shown in Table 3-4. Considered RCA replacement 
level included 0%, 30%, 50%, 70%, and 100%, which was determined by the 
corresponding weight ratios. The RCA replacement (r) ratio of 0% was selected as 
reference in this study, while the RCA r ratios of 30%, 50% and 100% were adopted 
considering that they were the suggested values for the structural applications of RCA in 
accordance with Chinese standards. Additional RCA r ratio of 70% was selected as 
current experimental investigations showed that RAC mechanical properties were 
significantly influenced when RCA r ratio was larger than 70%. For each concrete 
mixture, the effective water-to-cement ratio (w/c), sand ratio and cement content were 
kept constant at 0.45, 0.36 and 400 kg/m
3
. A superplasticizer with a density of 
1200 kg/m
3
 was used to achieve a sufficient workability for the fresh concrete mixtures, 
the amount of which is also included in Table 3-4. 
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3.2.3 Mixing method 
Two representative mixing methods were adopted for the preparation of recycled 
concrete in this study, i.e. pre-saturation (PS) approach and equivalent mortar volume 
(EMV) method. PS method is regarded as the most commonly adopted mixing method 
and recommended by many international specifications. The EMV method is suggested 
by Fathifazl et al. (2009) to improve the mechanical properties of recycled concrete, 
which is characterized by using the same volume of total mortar and natural aggregate as 
the reference NAC. In other words, the total fresh mortar in the reference NAC is equal 
to the combination of fresh and residual mortar in the RAC. According to Fathifazl et al. 
(2009, 2011), the RAC mixed using EMV method had similar and even better 
mechanical properties in comparison with those of the reference NAC. 
Table 3-4 Mix proportions and slump values of natural and recycled aggregate concrete 
Notation 
Mix proportions (kg/m
3
) Slump values 
(mm) 
W C NFA NCA RCA Superplasticizer 
NAC-I 180 400 670 1180 0 4.0 190 
RAC1-I-100%-PS 180 400 610 0 1074 4.0 170 
RAC18-I-30%-PS 180 400 650 800 343 4.0 190 
RAC18-I-50%-PS 180 400 630 555 555 4.0 180 
RAC18-I-100%-PS 180 400 610 0 1074 4.0 160 
RAC40-I-30%-PS 180 400 650 803 344 4.0 200 
RAC40-I-50%-PS 180 400 630 560 560 4.0 180 
RAC40-I-100%-PS 180 400 610 0 1074 4.0 170 
NAC-I 180 400 670 1180 0 4.0 190 
RAC18-I-100%-PS 180 400 610 0 1074 4.0 160 
RAC18-I-100%-EMV 113 251 421 0 1590 3.6 40 
NAC-II 180 400 670 1180 0 4.0 180 
RAC18-II-30%-PS 180 400 650 800 343 4.0 170 
RAC18-II-50%-PS 180 400 630 555 555 4.0 170 
RAC18-II-70%-PS 180 400 620 330 794 4.0 160 
RAC18-II-100%-PS 180 400 610 0 1074 4.0 160 
RAC18-II-30%-EMV 164 364 592 899 385 3.6 170 
RAC18-II-50%-EMV 152 337 531 682 683 3.4 160 
RAC18-II-70%-EMV 138 306 474 437 1019 3.1 110 
RAC18-II-100%-EMV 113 250 382 0 1619 2.5 70 
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In this study, the recycled coarse aggregate fractions were added to the mixture in a 
saturated surface-dry condition, which was controlled by pre-soaking the RCA in water 
for 24 hour and then draining it for about 1 hour before concrete batching. All the 
aggregates were mixed for about 1 min and the cement was then added and mixed for 
another 1 min. At last, water and superplasticizer were added and mixed for 2 min. 
3.2.4 Specimens casting 
For each concrete mix, 100 mm cubes, 150×150×300 mm prisms and 100×100 ×400 mm 
prisms were prepared. In particular, the 100 mm cubes were used to measure the 
compressive strength of concrete at 1 day, 3 days, 7 days, 28 days and 90 days; the 
150×150×300 mm prisms were used to determine the static modulus of elasticity of 
concrete at 28 days and 90 days; and the 100×100×400 mm prisms were used to measure 
the shrinkage deformations of the hardened concrete. 
3.2.5 Test methods 
The compressive strength of concrete was tested using a compression machine with the 
loading capacity of 2000 kN. The loading rates applied in the compressive tests were 
5 kN/s, in accordance with GB/T 50081 (MHURD, 2002). The static modulus of 
elasticity of concrete was determined using the same machine as that used in the 
compression tests according to GB/T 50081 (MHURD, 2002). The shrinkage of concrete 
was determined by measuring the specimen length change according to GB/T 50082 
(MHURD, 2009). In particular, Demec gauges with a gauge length of 200 mm were used 
to measure the shrinkage deformation on the 100×100×400 mm prisms. The initial 
lengths of the specimens were measured at 24 h after concrete casting and then the 
specimens were conveyed to the chamber with a constant temperature of (23±1)℃ and a 
constant relative humidity of (50±5)% for 224 days. 
 Experimental tests and results 3.3
3.3.1 Compressive strength 
The test results of the compressive strength for each concrete mixture are reported in 
Table 3-5. The presented results include the mean values of the measurements from three 
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samples as well as the corresponding coefficient of variation (COV). It can be observed 
that the coefficient of variation for the compressive strength of concrete was basically 
independent on the service time of RCA and on the mixing methods. In this context, all 
the concrete mixtures tested in this chapter may be considered to have the same degree of 
homogeneity. In the following, the mean value of the compressive strength was adopted 
for all the investigation. As expected, when the RCA r ratios increased from 0% to 100%, 
the compressive strength decreased accordingly. Taking concrete containing RCA18-I as 
an example (Table 3-5), the corresponding reductions in the 28-day compressive strength 
of concrete with RCA r ratios of 30%, 50% and 100% were 12.0%, 12.5% and 23.0%, 
respectively, when compared to the NAC-I measurements. 
The development of concrete compressive strength over time is presented in Figure 3-2 
for concrete prepared using PS method. Based on 28d compressive strength value, the 
compressive strength development was more slowly before 24 h for RAC when 
compared to that of NAC. For example, the 1 d compressive strength of NAC-I was 
12.8 MPa (Table 3-5), which was 32.6% of the 28 d value, while the 1 d compressive 
strength of concrete made with 100% of RCA18-I were 23.8% of the 28 d compressive 
strength. This observation could also be found by Kou et al. (2012), in which the 1-day 
compressive strength was 34.2%~37.5% of the 28 d value for NAC, while the percentage 
was only 20.6%~25.4% for RAC with r ratio of 50%. This is probably because the 
interfacial transition zone (ITZ) between the original virgin aggregate (OVA) and 
residual mortar (RM) was fairly weak due to the low quality of RCA used in this study 
and in reference (Kou et al., 2012). Actually, in this study all the recycled concrete cubes 
failed with compression cracks developing along the ITZ at 24 h after casting. The 
quality of the ITZ would be improved by the hydration of new mortar over time (Zhang 
and Zhao, 2015), and hence both NAC and RAC in this study had the compressive 
strength developed to 70.4%-78.5% of the 28 d values at 7 days. From 7 days to 28 days, 
similar strength development was observed for all the concrete with different r ratios. For 
RAC with RCA sourced from high strength parent concrete, similar strength 
development could be observed as that of the reference NAC all through the 28 days after 
concrete casting, e.g. Kou and Poon (2015), which was due to the good quality of ITZ 
between OVA and RM. After 28 days of curing, on the other hand, the gains in the RAC 
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compressive strength were larger than those of the reference NAC. Despite that slight 
variation was obtained in the test results, NAC presented a gain of 17.1% from 28 days to 
90 days in this study, while RAC made with 100% of RCA18-I and RCA40-I had gains 
of 28.8% and 20.8%, respectively. A longer test period of 5 years was selected by Kou 
and Poon (2008), in which the concrete mixture with 100% of RCA of different qualities 
experienced gains ranging from 46% to 62% in comparison with the 28 d compressive 
strength, while only 34% increase was observed for NAC during the same period. Similar 
observation was reported by Zhang and Zhao (2015), in which the compressive strength 
gains from 28 days to 720 days were 32.3%, 47.0% and 50.6% for r ratios of 0%, 50% 
and 100%, respectively. This is attributed to the RCA in SSD condition, in which case the 
absorbed water transported from RCA to ITZs over time, and provided ―internal curing 
effects‖ (Kou and Poon, 2008). In this context, the current model, which is used for NAC 
strength development, may be no longer capable for the prediction of RAC. 
1 10 100
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
 NAC-I
 RAC1-I-100%-PSR
e
la
ti
v
e
 c
o
m
p
re
s
s
iv
e
 s
tr
e
n
g
th
Curing age (days)
3 days
7 days
28 days
90 days
 
1 10 100
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
 NAC-I
 RAC18-I-30%-PS
 RAC18-I-50%-PS
 RAC18-I-100%-PS
R
e
la
ti
v
e
 c
o
m
p
re
s
s
iv
e
 s
tr
e
n
g
th
Curing age (days)
3 days
7 days
28 days
90 days
 
(a) Concrete made with RCA1-I (b) Concrete made with RCA18-I 
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(c) Concrete made with RCA40-I 
Figure 3-2 Development of compressive strength of concrete using PS method 
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Table 3-5 Compressive strength and static modulus of elasticity 
Notation r (%) 
Compressive strength (MPa)  Elastic modulus (GPa) 
1 d 3 d 7 d 28 d 90 d  28 d 90 d 
Mean value 
(COV 
a
) 
Mean values 
(COV) 
Mean values 
(COV) 
Mean values 
(COV) 
Mean values 
(COV) 
 Mean values 
(COV) 
Mean values 
(COV) 
NAC-I 0 12.8(7.0%) 26.3(1.9%) 28.8(2.4%) 39.2(2.8%) 45.9(2.9%)  26.4(0.53%) 30.7(2.76%) 
RAC1-I-100%-PS 100 11.6(4.3%) 23.8(3.4%) 27.4(2.6%) 38.9(0.3%) 45.1(3.7%)  20.1(2.11%) 23.2(5.80%) 
RAC18-I-30%-PS 30 9.7(11.3%) 21.9(3.7%) 27.1(4.1%) 34.5(4.3%) 44.0(1.5%)  23.3(3.48%) 26.6(0.27%) 
RAC18-I-50%-PS 50 7.7(3.9%) 22.1(1.4%) 26.2(5.7%) 34.3(4.1%) 41.5(3.3%)  22.4(3.48%) 24.6(1.72%) 
RAC18-I-100%-PS 100 7.2(11.1%) 19.4(4.1%) 23.3(3.9%) 30.2(5.0%) 38.9(2.1%)  21.2(6.67%) 24.0(3.73%) 
RAC40-I-30%-PS 30 5.5(7.3%) 17.4(5.2%) 23.0(3.9%) 30.8(1.0%) 37.6(1.5%)  24.1(1.76%) 26.7(5.04%) 
RAC40-I-50%-PS 50 5.2(1.9%) 18.1(7.7%) 23.3(3.0%) 30.1(2.3%) 33.8(1.2%)  21.8(1.95%) 23.8(6.64%) 
RAC40-I-100%-PS 100 2.9(6.9%) 11.8(6.8%) 19.5(4.6%) 25.9(4.6%) 31.3(0.8%)  19.9(4.97%) 21.2(4.75%) 
NAC-I 0 12.8(7.0%) 26.3(1.9%) 28.8(2.4%) 39.2(2.8%) 45.9(2.9%)  26.4(0.53%) 30.7(2.76%) 
RAC18-I-100%-PS 100 7.2(11.1%) 19.4(4.1%) 23.3(3.9%) 30.2(5.0%) 38.9(2.1%)  21.2(6.67%) 24.0(3.73%) 
RAC18-I-100%-EMV 100 5.6(7.1%) 16.0(4.4%) 19.1(6.8%) 25.3(3.3%) 37.3(2.3%)  20.2(13.6%) 21.5(2.95%) 
NAC-II 0 — — 36.0(4.6%) 49.5(6.1%) —  33.0 — 
RAC18-II-30%-PS 30 — — 35.3(2.9%) 44.5(4.6%) —  31.3 — 
RAC18-II-50%-PS 50 — — 34.3(2.0%) 43.7(3.9%) —  28.7 — 
RAC18-II-70%-PS 70 — — 30.4(5.6%) 40.5(1.9%) —  24.7 — 
RAC18-II-100%-PS 100 — — 26.0(4.4%) 38.8(4.4%) —  24.3 — 
RAC18-II-30%-EMV 30 — — 34.2(2.7%) 45.9(1.0%) —  32.8 — 
RAC18-II-50%-EMV 50 — — 33.2(6.8%) 43.4(7.2%) —  33.2 — 
RAC18-II-70%-EMV 70 — — 32.8(5.6%) 41.1(2.2%) —  31.4 — 
RAC18-II-100%-EMV 100 — — 29.9(2.7%) 40.0(2.3%) —  30.0 — 
a. 
COV is the coefficient of variation of three test results in each concrete mixture. 
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Figure 3-3 illustrates the decrease of the compressive strength of the RAC induced 
by the incorporation of recycled aggregates with different service time. It can be 
noted that for the recycled concrete with the same r ratio, the compressive strength 
decreased more significantly when older RCA was adopted. Taking RCA 
replacement ratio (r) of 100% for example (Figure 3-3 (c)), recycled concrete using 
RCA1-I presented a 28 d compressive strength of 38.9 MPa, which was only 1.0% 
lower than the NAC-I measurement. Compared with RAC1-100%, concrete made 
with 100% of 18-year-old RCA had the 28 d compressive strength decreased by 
23.0%, while RAC using 40-year-old RCA had the 28 d compressive strength 
decreased by 34.0%. This may be because the mechanical behaviours of mortar and 
ITZs in parent concrete deteriorate over time due to the combined effects of 
weathering (e.g. wetting-drying and freezing-thawing cycles) and erosion (e.g. 
chloride ingress and carbonation), e.g. Maruyama et al. (2014). In this context, RCA 
with longer service time contains weaker residual mortar and ITZs, leading to lower 
compressive strength. Actually, in terms of the index of crushing that can be used to 
evaluate the compressive strength of coarse aggregate (e.g. Butler et al., 2013), the 
RCA1-I had the index of crushing of 12.8% while RCA18-I had slightly larger 
value of 13.4%, despite that the original virgin aggregate in RCA18-I was Andesite 
aggregate (Table 3-4), whose compressive strength was commonly accepted to be 
slightly higher than the Limestone aggregate in RCA1-I and NCA-I. In addition of 
the above possible explanation, the less significant influence on the strength of 
recycled concrete with younger RCA may also lay in the uncompleted hydration 
reactions in the residual mortar which can create new chemical bonds between the 
new cement paste and the residual one. These new chemical bonds strengthened the 
ITZs (Laneyrie et al., 2016) and led to an increased compressive strength for 
recycled concrete. Based on these investigations, it was suggested that the fresh 
construction waste concrete with short service time and old demolition concrete 
crushed after their service life may be grouped separately in the RCA plant to 
prevent large scatter in the compressive strength of recycled concrete. This is 
important considering that recycled aggregate with different service time could 
present similar water absorption and density values (Table 3-4).  
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(c) RCA placement ratio of 100% 
Figure 3-3 Influence of service time of parent concrete on the compressive strength of RAC  
Figure 3-4 compares the compressive strength of recycled concrete made with 
pre-saturation (PS) method and equivalent mortar volume (EMV) method and using 
different particle size distributions of the RCA (i.e. RCA18-I and RCA18-II). As 
expected, all the recycled concrete prepared using PS and EMV methods presented 
lower compressive strengths in comparison with the companion NAC, regardless of 
the particle size distributions of the RCA. Taking recycled concrete with r ratio of 
100% for example, the 28-day compressive strength of RAC prepared with PS 
method using RCA18-I and RCA18-II was 22.9% and 21.6% lower than the 
reference NAC measurements, respectively. Such reduction in the compressive 
strength of concrete was consistent with that reported in literature, e.g. Xiao et al., 
(2012). Compared to PS method, a reduction of 16.2% in the compressive strength 
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of EMV concrete was observed by using 100% of RCA18-I. This may be because 
the sand ratio (defined as sands weight over that of aggregates) in EMV concrete 
was not high enough to maintain the viscosity of concrete, and therefore weaker 
ITZs were obtained in the concrete. One of the proof is that by using AS-1 
superplasticizer in this study, the slump values for RAC made with PS method was 
160 mm, while that for RAC made with EMV method was only 40 mm despite that 
a little more superplasticizer was added in the concrete mixture. This reduction in 
the compressive strength can be compensated when using finer RCA. By means of 
using RCA18-II, slightly higher compressive strength was obtained for EMV 
concrete in comparison with that using PS method (Figure 3-4). When 100% of 
finer RCA (i.e. RCA18-II) was used instead of RCA18-I, the EMV concrete 
increased its compressive strength by 58.1%. In this context, a stricter limitation on 
the sand ratio or on the particle size distributions may be required when using EMV 
method to achieve desired strength of RAC. Figure 3-4 also highlights the necessity 
of using same particle size distribution for both natural concrete and recycled 
concrete when investigating how the incorporation of recycled aggregates affects 
the compressive strength of concrete; otherwise the influence of the recycled 
aggregates on the compressive strength of the concrete may be considerably 
overestimated or underestimated. 
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Figure 3-4 Influence of mixing method and particle size distribution on compressive strength 
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3.3.2 Static modulus of elasticity 
The test results of the static modulus of elasticity measured at 28 and 90 days for 
each concrete mixture are reported in Table 3-5, including the mean values and the 
corresponding coefficient of variation (COV). As expected, the static modulus of 
elasticity of hardened concrete decreased with increasing RCA replacement ratios (r) 
(Figure 3-5). Taking recycled concrete made with RCA18-I for example, recycled 
concrete with RCA r of 30%, 50% and 100% presented 11.7%, 15.2% and 19.7% 
lower 28-day elastic modulus than the reference concrete (i.e. NAC-I). 
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(c) Concrete made with RCA40-I 
Figure 3-5 Static modulus of elasticity of concrete using PS method 
Figure 3-6 presents the influence of service time of parent concrete on the static 
modulus of elasticity of RAC, and no considerable difference was observed. For 
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example, recycled concrete made with 30% of RCA18-I and RCA40-I had 28-day 
elastic modulus values of 23.3 GPa and 24.1 GPa, respectively. The difference 
between these two values was only 3.4%. Similar observation was obtained when 
using 50% and 100% RCA replacement ratios, with the maximum difference of 2.8% 
and 6.5%, respectively. This may be attributed to the fact that the static modulus of 
elasticity of concrete highly depends on the modulus of stone particle and the 
solidity of mortar, both of which may not be influenced by time effects. In this study, 
the modulus of original virgin aggregate (OVA) in RCA18 and RCA40 (i.e. 
Andesite and Monzonite aggregate, respectively (Table 3-4)) was normally accepted 
to be similar to that of in NCA-I (i.e. Limestone aggregate), e.g. Xie et al., (2007). 
In this case, it was not surprising to find that concrete with same RCA replacement 
ratios presented similar elastic modulus.   
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(c) RCA placement ratio of 100% 
Figure 3-6 Influence of service time of parent concrete on elastic modulus of RAC 
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Figure 3-7 illustrates the influence of mixing methods (i.e. PS method and EMV 
method) and particle size distributions (i.e. RCA18-I and RCA18-II) on the static 
modulus of elasticity of recycled concrete. It can be observed that all the concrete 
mixtures prepared with PS method presented lower elastic modulus than the 
reference NAC. For instance, by using 100% of RCA18-I and RCA18-II, up to 19.7% 
and 26.4% reductions were obtained in the elastic modulus for recycled concrete. 
When RCA18-I was adopted, the static modulus of elasticity for recycled concrete 
prepared with EMV method was lower than that for concrete mixed using PS 
method. In particular, a reduction of 4.7% was registered in 28-day static modulus 
of elasticity when selecting 100% of RCA18-I. The static modulus of elasticity of 
EMV concrete was significantly improved when finer RCA (i.e. RCA18-II) was 
adopted. For example, up to an increase of 32.7% was observed in the elastic 
modulus of EMV concrete by means of using 100% of RCA18-II, when compared 
to that of EMV concrete using RCA18-I. Specimens RAC18-II-100%-EMV had an 
elastic modulus 23.4% higher than that of the companion RAC prepared using PS 
method (i.e. RAC18-II-100%-PS). Moreover, when using less than 50% of 
RCA18-II, identical static modulus of elasticity can be obtained in recycled 
concrete using EMV method as that of the reference NAC (Figure 3-7). This 
indicates that as long as the new mortar in the EMV concrete can be functional of 
coating the aggregate, similar static modulus of elasticity as that of reference NAC 
may be achieved since the EMV concrete has identical volume fraction of NCA as 
in the reference NAC. The capability of new mortar coating aggregates may be 
assessed by the slump of the resulting concrete. In particular, the EMV concrete 
with less than 50% RCA18-II had similar slump values (180±20 mm) as that of 
NAC, while those with higher aggregate replacement ratios had significant slump 
loss (i.e. 110 mm and 70 mm for r of 70% and 100%, respectively). Combining the 
investigations related to static modulus of elasticity values of EMV concrete and 
their corresponding workability, the recommendation is given to pay more attention 
to the design parameters (e.g. the sand ratio, particle size distribution and 
superplasticizer) when EMV method is selected. 
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Figure 3-7 Influence of mixing method and particle size distribution on RAC elastic modulus  
3.3.3 Shrinkage 
The development of shrinkage (including autogenous and drying shrinkage) over 
time was measured for a total period of 8 months, with the test results reported in 
Figure 3-8. It appears that, independently from the types of aggregate and mixing 
methods, the deformation of the specimens kept increasing during the 8 months. 
The rate of shrinkage development was greater in the first couple of weeks and then 
started to reduce. After one month, the incremental deformations reached about 70% 
of those recorded at the end of the experiment (i.e. after 8 months), while the 
percentage increased to approximately 90% after 112 days. As expected, the 
shrinkage deformation for RAC prepared using PS method increased with the r ratio 
(Figure 3-8 (a)~(c) and (e)) due to the presence of residual mortar in RCA which led 
to higher porosity in the coarse aggregates and higher amount of water in the 
concrete mix (De Juan and Gutiérrez, 2009). For example, RAC using 30%, 50% 
and 100% of RCA18-I presented 6.4%, 13.0% and 28.2% higher shrinkage values 
than the NAC-I measurement at 224 days, respectively (Figure 3-8 (b)). The effect 
of service time of parent concrete on the shrinkage of resulting concrete at 28 days 
and 224 days is summarized in Figure 3-9, and the influence could be regarded as 
negligible within the scope of this study. In particular, the shrinkage increases in the 
resulting concrete with the same RCA replacement ratios presented similar values, 
with the maximum difference of 2.7%, 9.6% and 11.8% for r of 30%, 50% and 
100%, respectively. 
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(a) Concrete made with RCA1-I using PS 
method 
(b) Concrete made with RCA18-I 
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(c) Concrete made with RCA18-II using PS 
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(d) Concrete made with RCA18-II using EMV 
method 
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(e) Concrete made with RCA40-I using PS method 
Figure 3-8 Shrinkage of concrete made with different RCAs and mixing methods 
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(c) RCA placement ratio of 100% 
Figure 3-9 Influence of service time of parent concrete on the shrinkage of RAC using PS method  
Shrinkage deformation was compared for recycled concrete prepared using PS 
method and EMV method (Figure 3-8 (b)-(d)). Recycled concrete made with EMV 
method presented comparable or even smaller shrinkage than the reference NAC, 
regardless of RCA replacement ratio and particle size distribution. In particular, for 
RAC with r ratio of 100% prepared using EMV method, the 224 d shrinkage 
deformation was increased by only 3.6% in comparison with the reference NAC 
when using RCA18-I (Figure 3-8 (b)), and by only 5.7% when using RCA18-II as 
shown in Figure 3-8 (d)). During the same time period, shrinkage increases of 28.1% 
and 40.0% were obtained in the PS concrete when using 100% of RCA18-I and 
RCA18-II, respectively. These observations verify that EMV method is an effective 
way to improve the shrinkage properties of recycled concrete. Besides, the influence 
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of the particle size distribution of RCA on the shrinkage of resulting concrete can be 
negligible, irrespectively of mixing methods. In particular, shrinkage deformations 
for concrete using RCA with different particle size distributions (i.e. RCA18-I and 
RCA18-II) had the maximum difference of 6.4% for PS method, and 5.5% for EMV 
method. 
 Mechanical models for RAC 3.4
3.4.1 Model to predict the compressive strength development for RAC 
It was found that the compressive strength of recycled concrete could be further 
enhanced due to the ―internal curing effects‖ caused by the saturated RCA (as 
reported in Section 3.3.1), because of which the compressive strength development 
of RAC may be miscalculated using current prediction models for NAC. In this 
study, the EC2 model, which has shown its capability to predict the NAC 
compressive strength development over time (as reported in Figure 3-10 by using 
experimental data collected from this study and from literatures (Ajdukiewicz and 
Kliszczzewicz, 2002; Katz, 2003; Kou and Poon, 2008; Domingo-Cabo et al., 2009; 
Poon et al., 2009; Tabsh, and Akmal, 2009; Duan et al., 2014; Kou and Poon, 2015; 
Zhang and Zhao, 2015), was used to predict the strength development for RAC. The 
predicted results were benchmarked against test data from concrete with 
compressive strengths ranging from 12.8 and 98.1 MPa, with curing ages varied 
between 1 day and 5 years, and with cement types of CEM 42.5N and CEM 42.5R. 
As shown in Figure 3-11(a), the current EC2 model used for NAC reasonably 
described the strength for RAC for t ≤90 days, with the linear regression of 0.963 
and correlation coefficient R
2
 of 0.925, while was no longer applicable to predict the 
strength of RAC after 90 days, with the average underestimation of 14.6%. 
In this context, the EC2 model has been modified to predict the compressive 
strength of RAC after 28 days accounting for the ―internal curing effects‖ induced 
by the RCA. The proposed model is reported in Expression (3-1) 
The University of Sydney 
 -81- 
 
  
  
1/2
cm
cm )
1/
1
2
cm
(
exp 1 28 / 28d
ex
    
p 1 28 /
       
 8d 2
 
r
s t f t
f t
s t f t

   

 
  
 
 
 
 ( 3-1 ) 
where fcm(t) and fcm are the mean concrete compressive strengths at the curing ages 
of t and 28 day, respectively. s is a coefficient depending on the type of cement, i.e. 
0.2 for cement strength classes of CEM 42.5R, CEM 52.5N, CEM 52.5R; 0.25 for 
cement strength classes of CEM 32.5R, CEM 42.5N; 0.38 for cement strength 
classes of CEM 32.5N. 
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Figure 3-10 Comparison between experimental NAC compressive strength values and those 
calculated using EC2 model 
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Figure 3-11 Comparison between experimental RAC compressive strength values and those 
calculated by prediction models 
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The modified model was benchmarked against all the test data described above, see 
Figure 3-11(b). It was noted that the proposed model well matched the experimental 
results, with the linear regression of 0.999 and correlation coefficient  R
2
 of 0.856 
for the compressive strengths at t >90 days and with the linear regression of 1.027 
and correlation coefficient R
2
 of 0.969 for the compressive strengths at t ≤90 days. 
3.4.2 Model to predict the static modulus of elasticity for RAC 
Generally, concrete with different compressive strength is believed to present 
different static modulus of elasticity (e.g. Corinaldesi, 2010), and hence current 
codes predict the elastic modulus of NAC by means of the compressive strength. 
Such correlation between static modulus of elasticity and compressive strength may 
be no longer applicable for RAC, since the influences of RCA on the static modulus 
of elasticity and compressive strength were different. For example, the service time 
of aggregates affected the compressive strength of RAC significantly with the 
maximum difference of 33.4% in this study, while barely influenced the static 
modulus of elasticity with the maximum difference of 6.5%. In this context, one 
possible solution is to relate the static modulus of elasticity of RAC to that of the 
reference NAC using the residual mortar content (CRM), because the amount of 
residual mortar was believed to be the most key factor to influence the modulus and 
the porosity of RCA (De Juan and Gutiérrez, 2009). 
According to Ilker et al. (2010) and Yang et al. (1995), the static modulus of 
elasticity of NAC mainly depends on the volume fraction of natural coarse 
aggregates (
NAC
NCAV ) and natural mortar (
NAC
NMV ) and their corresponding static modulus 
of elasticity (
NAC
NCAE  and 
NAC
NME , respectively), and Eq.(3-2) exists. As RCA can be 
treated as a two-phase material comprising residual mortar (RM) and origin virgin 
aggregate (OVA), Eq. (3-2) can be modified for RAC as Eq. (3-3). 
NAC NAC NAC NAC
NAC NCA NCA NM NM=E V E V E    ( 3-2 ) 
RAC RAC RAC RAC
RAC TNCA NCA TM TM=E V E V E  
 
( 3-3 ) 
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In which 
RAC
TNCAV  and 
RAC
TMV  denotes the volume fraction of total natural coarse 
aggregate (TNCA) and total mortar (TM) in RAC, respectively, while 
RAC
NCAE  and 
RAC
TME  stands for the corresponding modulus. In particular, 
RAC
TNCAV  is the sum of the 
volume for natural coarse aggregate (
RAC
NCAV ) and the volume of the original virgin 
coarse aggregate contained in RCA (
RAC
OVAV ), and could be calculated as Eq. (3-4) 
accounting for the influence of CRM. 
RAC RAC RAC RAC
TNCA NCA OVA RM CA= =(1 )V V V r C V   
 
( 3-4 ) 
In which 
RAC
CAV  is the volume fraction of coarse aggregate in recycled concrete.  
For the materials used in this study, it is reasonable to let NCA NAC/ 2.0E E  , e.g. 
Fathifazl et al.  (2011). Assuming the mortar in RAC to have the same modulus 
value as the mortar in NAC, the static modulus of elasticity of RAC can be related 
to the corresponding static modulus of elasticity of NAC as Eq. (3-5). 
RAC
RAC RACCA
RAC TNCA TNCA NACRAC
CA
(1 2 )
= 2 (1 )
(1 )
V
E V V E
V
  
     
   
( 3-5 ) 
The proposed equations were benchmarked against available test data from this 
study and those sourced from 12 publications (i.e. Ravindrarajah et al., 1985; 
Ajdukiewicz and Kliszczzewicz, 2002; Kou and Poon, 2008; Domingo-Cabo et al., 
2009; Kou et al., 2012; Duan and Poon, 2014; Pedro et al., 2014; Kou et al., 2015; 
Gonzalez-Corominas and Etxeberria, 2016; Wang et al., 2016 a; Wang et al., 
2016 b), with the comparative results reported in Figure 3-12. The benchmarking 
data included 28 day and 90 day measurements from concrete with the same 
material parameter range as introduced in the previous section. In Figure 3-12, the 
test data collected from this study are shown as red stars and those available in 
literatures are marked as black blocks. It can be seen that the benchmarking results 
were well predicted by means of using Eq. (2.4) and (2.5), with the linear regression 
of 0.972 and correlation coefficient R
2
 of 0.850. 
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Figure 3-12 Comparison between experimental RAC elastic modulus values and those 
calculated using the developed model 
3.4.3 Evaluation of existing shrinkage models for RAC 
The shrinkage of recycled concrete is normally predicted by multiplying an 
amplification factor based on NAC shrinkage models, e.g. EC2 shrinkage model. 
Taking Chinese standard JCJ/T 240-2011 for example, shrinkage amplification 
factors of 1.00, 1.14 and 1.50 were recommended for RAC made with 30%, 50% 
and 100% of RCA, respectively. Similar factors were also recommended by Silva et 
al. (2015). De Brito et al. (2010) and Fathifazl et al. (2011) correlated the shrinkage 
model of RAC to that of NAC accounting for the influence of residual mortar 
content to achieve better accuracy. In particular, De Brito et al. (2010) suggested the 
shrinkage amplification factors be estimated via the ratio of the density of 
aggregates in RAC over that in NAC (referred to as De Brito (D) model) or via the 
ratio of the water absorptions of aggregates in RAC over that in NAC (referred to as 
De Brito (W) model), as reported in Eq. (3-6) and (3-7). Fathifazl et al. (2011) 
correlated the residual mortar content (CRM) to the shrinkage amplification factor, 
and the correlation is reported as Eq. (3-8) to better predict the shrinkage of 
concrete made with different RCA replacement ratios. 
RAC
RAC NAC
NAC
6.804 (1 ) 1
D
S S
D
 
     
 
 De Brito (D) Model ( 3-6 ) 
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RAC
RAC NAC
NAC
0.1503 ( 1) 1
Wa
S S
Wa
 
     
 
 De Brito (W) Model ( 3-7 ) 
1.45
RAC
RM CA
RAC NACRAC
CA
1 (1 )
1
r C V
S S
V
   
  
 
 Fathifazl Model ( 3-8 ) 
In which SRAC and SNAC = shrinkage of RAC and NAC; DRAC and DNAC = bulk 
specific gravity of aggregates in RAC and NAC, respectively; WaRAC and WaNAC = 
water absorption of aggregates in RAC and NAC, respectively.  
The proposed equations were evaluated against available test data from this study 
and from literatures (i.e. Ravindrarajah and Tam, 1985; Ajdukiewicz and 
Kliszczzewicz, 2002; Katz, 2003; Kiuchi and Horiuchi, 2003; Poon et al., 2009; 
Domingo et al., 2011; Fathifazl et al., 2011; Kou et al., 2012; Manzi et al., 2013; 
Duan and Poon, 2014; Maruyama et al., 2014; Gonzalez-Corominas and Etxeberria, 
2016; Wang et al., 2016 a; Wang et al., 2016 b), with the comparative results 
reported in Figure 3-13. In Figure 3-13, the test data collected from this study are 
shown as red stars and those available in literatures are marked as black blocks. 
Clearly, it may be concluded that all three models provided acceptable prediction of 
the shrinkage amplification factors, although the order of 30% of discrepancy was 
produced from the reported experimental data. In particular, De Brito (D) model 
produced conservative results on the shrinkage amplification factors for RAC, with 
the mean value of 13.2% higher than the measured data, and De Brito (W) model 
slightly underestimated the measured shrinkage amplification factors, with the 
linear regression of 0.978. Fathifazl model provided the most accurate predictions 
among these three models, with the linear regression of 0.996 and correlation 
coefficient R
2
 of 0.357. It is worth mentioning that significant reductions in the 
predicted shrinkage increase when using Fathifazl model were caused by the fact 
that low-quality parent concrete was selected to prepare higher strength RAC in the 
cases reported by Kou et al. (2012) and Gonzalez-Corominas and Etxeberria (2016). 
More research efforts need to be devoted to on this topic to quantify the influence of 
RCA on the shrinkage behaviour of resulting concrete. 
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(c) Fathifazl model 
Figure 3-13 Comparison between experimental RAC shrinkage amplification factors and those 
calculated using shrinkage models 
 Conclusions 3.5
This chapter investigated the influence of the service time of recycled coarse 
aggregate (RCA) and the mixing methods on the mechanical properties of recycled 
aggregate concrete (RAC). In particular, the selected parent waste concretes 
included 1, 18 and 40-year-old demolished waste concrete, respectively, and the 
mixing methods included the pre-saturation (PS) method and the equivalent mortar 
volume (EMV) method. Based on the results of this experimental investigation, the 
following conclusions can be drawn: 
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(1) Within the scope of this study, the service time of parent concrete affects the 
compressive strength of recycled concrete, while its influence on the static 
modulus of elasticity and shrinkage may be negligible. More experiments need 
to be conducted with a wider parameter range to determine whether this is a 
common phenomenon. If so, the fresh waste concrete (e.g. constructional waste 
concrete) and the old waste concrete from demolition projects served for 
decades may be considered to be grouped separately in the RCA plant to reduce 
the scatter of the mechanical behaviour of the resulting RAC. 
(2) EMV method was proved to be an effective way to improve the static modulus 
of elasticity and shrinkage properties of RAC when compared to PS method, 
however, designers should pay more attention to the selections of the sand ratio, 
the particle size distribution and the superplasticizer to ensure the sufficient 
function of new mortar in RAC. One possible assessment to ensure the function 
of new mortar in EMV concrete may be the slump values of the fresh concrete. 
(3) Recycled concrete could further develop its compressive strength over time due 
to the ―internal curing effect‖ contributed by the saturated RCA. The modified 
EC2 model well predicted the compressive strength of RAC after 90 days 
curing by considering the effect of RCA replacement ratios, with the linear 
regression improved from 0.854 to 0.999. Also, for the compressive strength of 
recycled concrete at the very early age, experimental testing is recommended 
when using RCA of fairly low quality. 
(4) A model was developed to predict the static modulus of elasticity for RAC 
accounting the influence of residual mortar content. The predicted values were 
found to be in reasonable agreement with the corresponding experimental 
results, with the linear regression of 0.972 and correlation coefficient  R
2
 of 
0.850, respectively. 
(5) De Brito (D) model, De Brito (W) model and Fathifazl model all produced 
acceptable predictions on the shrinkage deformation of recycled concrete. 
However, more research efforts should be devoted to the influence of parent 
concrete on the shrinkage behaviour of resulting concrete.  
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CHAPTER 4 Influence of Parent Concrete 
on the Shrinkage Behaviour of Normal Grade RAC 
 Introduction 4.1
The total shrinkage of concrete is composed of drying and autogenous shrinkages, with 
the former due to evaporating of the free water in the capillary under a lower relative 
humidity environment and the latter caused by the capillary depression during CSH 
formation as a result of the combination of water and cement or binder. Chapter 3 
indicated that the parent concrete influences the shrinkage of resulting RAC, and the 
influence has yet to be quantified. Besides, current research investigation related to the 
autogenous shrinkage of RAC is quite limited, i.e. the period of current autogenous 
shrinkage tests was too short to provide enough referential information for the structural 
design. Further experimental studies are still required to provide guidance for the 
prediction of drying and autogenous shrinkages of normal grade RAC. 
In this context, this chapter aims at quantifying the influence of parent concrete on the 
drying and autogenous shrinkages of normal grade RAC (concrete strength ranging from 
30 MPa to 60 MPa). This was achieved by using RCA sourced from different parent 
concretes to prepare RAC with different w/c ratios. In particular, three groups of parent 
concrete prepared in the laboratory (with target compressive strengths of 30, 40 and 
60 MPa) and two groups of parent concrete collected from demolished buildings (with 
compressive strength of 40 MPa) were crushed to prepare RAC with w/c ratios of 0.30, 
0.45 and 0.60. Three RCA replacement (r) ratios of 0%, 50% and 100% were assessed. 
The autogenous shrinkage was monitored by means of embedded strain gauges for a total 
period of 224 days, while the drying shrinkage was measured using Demec gauges for a 
total period of 360 days. Shrinkage models were developed to account for the combined 
effects of the quantity and the quality of residual mortar on the shrinkage behaviour of 
normal grade RAC. 
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 Experimental programme 4.2
4.2.1 Material 
4.2.1.1 Cement and superplasticizer 
ASTM I Portland cement (with a density of 3170 kg/m
3
) was used as binder for the 
concrete prepared for this study. The measured physical properties and chemical 
composition of the cement are listed in Table 4-1 and Table 4-2, respectively, both of 
which conform to the quality requirements of GB175-2007 (MHRUD, 2007). 
Superplasticizer (SP) AS-I with a density of 1200 kg/m
3
 was added to the mix to obtain 
sufficient workability of the concrete mixes. 
Table 4-1 Physical properties of cement 
fct,f,3
 a
(MPa) fct,f,28
 a
 (MPa) fc,3
 b
 (MPa) fc,28
 b
 (MPa) Density (g/cm
3
) 
4.8 6.8 21.3 50.8 3.17 
a
 fct,f,3, fct,f,28 —Flexural tensile strengths of cement measured at 3 and 28 days, respectively. 
b 
fc,3, fc,28 —Compressive strengths of cement measured at 3 and 28 days, respectively. 
Table 4-2 Chemical composition of cement (%) 
SiO2 Al2O3 Fe2O3 CaO R2O SO3 MgO L.O.I
 a
 
21.14 5.47 3.96 62.28 0.95 2.6 1.7 1.6 
a 
L.O.I — Loss on ignition. 
4.2.1.2 Aggregates 
River sand (0-5 mm) with a fineness modulus of 2.58 and crushed andesite (5-25 mm) 
were used as natural aggregates, both of which were generally considered as 
representative aggregate sources adopted in concrete mixtures in China.  
Recycled coarse aggregates were gathered from parent concrete prepared in laboratory 
and from real demolition projects. In particular, three groups of parent concrete with 
original water-to-cement ratios (wor/cor) of 0.30, 0.45 and 0.60 were mixed and cured for 
a time period of 1 year before crushed. The concrete components and the 28 d 
mechanical properties of parent concrete are reported in Table 4-3, the concrete strengths 
of which achieved the target compressive strength of 60 MPa, 40 MPa and 30 MPa, 
respectively. In the following, three groups of RCA have been referred to as RCA-LH, 
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RCA-LM, and RCA-LL, respectively, in which the first ‗L‘ denotes that the parent 
concrete was collected from laboratory and the second ―H‖, ―M‖ and ―L‖ stands for the 
strength grade for normal grade concrete, i.e. higher, medium and lower strength grades. 
The other two groups of parent concrete were sourced from real demolition projects of 20 
and 42-year-old buildings (referred to as RCA-P20 and RCA-P42, respectively). 
According to the corresponding design documentation, the compressive strength for both 
demolished concretes was 40 MPa at the curing age of 28 days. These two demolished 
buildings represent typical Chinese structures adopting medium strength concrete and 
being demolished at the medium or late stage of their service life. 
Table 4-3 Mix proportions and mechanical properties of parent concrete 
Notation
 
Mix proportions (kg/m
3
)  Compressive strength 
fcu (MPa) 
Elastic modulus 
Ec (GPa) w 
b
 c NFA NCA SP  
PC-0.30 
a
 180 600 610 1080 6.0  62.7 34.0 
PC-0.45 180 400 670 1180 4.0  44.2 31.2 
PC-0.60 180 300 710 1240 3.0  36.9 27.3 
a
 PC stands for parent concrete, and 0.30, 0.45 and 0.60 denotes the original water-to-cement ratio 
of parent concrete. 
b
 w, c, NFA, NCA, SP is short for water, cement, natural fine aggregate, natural coarse aggregate 
and superplasticizer, respectively. 
The above five groups of the parent concrete underwent a two-stage crushing process. 
The first crushing treatment was carried out on the demolition site (or in the laboratory 
for prepared concrete) with clamp mechanical excavators and jackhammers, while the 
second crushing process was performed in the laboratory with jackhammers and jaw 
crushers, during which the size of the parent concrete was reduced to less than 25 mm. 
The RCA was then sieved with square mesh to achieve a proper size fraction in 
accordance with the JGJ-52-2006 (MHURD, 2006). For comparison purposes, similar 
particle size distributions of coarse aggregate were used for the preparation of RAC and 
NAC specimens and these are outlined in Table 4-4. Material properties measured in 
accordance with JGJ-52-2006 (MHURD, 2006) during the experiments are also reported 
in Table 4-4, e.g. oven-dried density (D), saturated surface-dry density (Dssd), water 
absorption (ω) and index of crushing (Acv). In particular, RCA collected from laboratory 
concrete (i.e. RCA-LH, RCA-LM and RCA-LL) and 20-year-old RCA sourced from real 
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demolition project (i.e. RCA-P20) presented similar oven-dried density values, which 
was about 4.1% lower than that of NCA, while 42-year-old RCA (i.e. RCA-P42) showed 
7.5% lower oven-dried density values than the NCA measurement. All RCA presented 
similar water absorption values, varying between 5.33% and 5.99%, which were more 
than 10 times larger than that of NCA (being equal to 0.41%). 
Table 4-4 Particle size distribution of aggregates 
Properties 
Sieve 
size 
(mm) 
Percentage passing by weight (%) 
NCA RCA-LH RCA-LM RCA-LL RCA-P20 RCA-P42 NFA 
Sieve 
analysis 
26.5 100.0 100.0 100.0 100.0 100.0 100.0 — 
19.0 67.1 67.1 67.1 67.1 66.8 66.7 — 
16.0 50.0 50.0 50.0 50.0 50.2 49.5 — 
9.5 16.7 16.7 16.7 16.7 16.8 16.7 — 
4.75 0.6 0.5 0.5 0.5 1.5 0.9 100.0 
2.36 — — — — — — 86.2 
1.18 — — — — — — 74.3 
0.60 — — — — — — 52.0 
0.30 — — — — — — 12.9 
0.15 — — — — — — 2.4 
D (kg/m
3
)
 a
 2816 2704 2713 2708 2699 2605 2623 
Dssd (kg/m
3
)
 b
 2827 2866 2863 2852 2842 2744 2714 
ω (%)
 c
 0.41 5.99 5.53 5.33 5.33 5.36 3.45 
CRM (%) — 46.3 39.4 35.8 40.1 47.9 — 
Acv (%) 
d
 4.3 8.7 10.9 12.4 15.2 20.2 — 
a
 D, oven-dried density. 
b
 Dssd, saturated surface dry density.
 
c 
ω, water absorption.
 
d
Acv, the index of crushing, was measured in accordance with JGJ-52-2006 (MHRUD, 2006) and 
similar testing procedure could also be obtained in British Standard 812-110 (BSI, 1990). 
For RCA sourced from laboratory, RCA with lower wor/cor values leaded to larger CRM, i.e. 
35.8%, 39.4% and 46.3% for RCA-LL, RCA-LM and RCA-LH, respectively. This is 
mainly due to the fact that for parent concrete designed with same water content (i.e. 
180 kg/m
3
 in this study), the quality of ITZs in concrete would be enhanced by increasing 
cement content, and therefore more residual mortar could be adhered to the original 
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virgin aggregate (OVA) after the crushing procedures. For parent concrete with similar 
compressive strength of 40 MPa, the CRM values increased with increasing service time 
of RCA. In particular, the CRM values of RCA-LM, RCA-P20 and RCA-P42 were 39.4%, 
40.1% and 47.9%, respectively. This is probably because the cement aggregate bond in 
the parent concrete has not fully developed if the parent concrete is crushed at an early 
age (e.g. Chisholm, 2011). 
4.2.2 Concrete mixtures 
Three series of concrete mixtures, i.e. w/c=0.30, 0.45 and 0.60, were prepared using NCA 
and five different groups of RCA, i.e. RCA-LH, RCA-LM, RCA-LL, RCA-P42 and 
RCA-P42. Detailed information of the mixing proportions is listed in Table 4-5. For all 
the concrete mixture, the sand ratio and the water content were kept constant at 0.36 and 
180 kg/m
3
, respectively. For each test series, 100% replacement ratio was selected when 
using young RCAs, i.e. RCA-LH, RCA-LM and RCA-LL, while 50% and 100% 
replacement ratios were specified when adopting RCA-P42. In Series II, 50% and 100% 
replacement ratios were also selected for RCA-P20 for comparison purposes. The 
recycled coarse aggregates were designed in a saturated surface-dry (SSD) condition, and 
this was controlled by pre-soaking the RCA in water for 24 hours and by draining it for 
about 1 hour before batching. 
4.2.3 Specimens casting and curing 
For the mixing procedures used in this study, the coarse and fine aggregates were first 
added to the mixer and mixed for about 1 minute and the cement was then added and 
mixed for another 1 minute. At last, water and superplasticizer were added and mixed for 
another 2 minutes. All the concrete specimens were cast in plastic moulds and compacted 
using a vibrating table. For each concrete mixture, 100 mm cubes, 150×150×300 mm 
prisms and 100×100×400 mm prisms were prepared. In particular, three 100 mm cubes 
and two 150×150×300 mm prisms were used to measure the compressive strength and 
the static modulus of elasticity at 28 and 90 days; and four 100×100×400 mm prisms 
were used to measure the autogenous and drying shrinkage of the hardened concrete. 
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Table 4-5 Mix proportions of natural and recycled aggregate concrete 
Notation Mix designation 
a
 
RCA 
age 
b
 
(year) 
r 
c
 
(%) 
Mix proportions (kg/m
3
) 
w 
d
 c NFA NCA RCA SP 
Series I  
w/c=0.30 
NAC-0.30 —— 0 180 600 610 1080 0 6.0 
RAC-0.30-P42-50 42 50 180 600 603 509 509 6.0 
RAC-0.30-P42-100 42 100 180 600 590 0 1018 6.0 
RAC-0.30-LH-100 1 100 180 600 580 0 1030 6.0 
RAC-0.30-LM-100 1 100 180 600 580 0 1030 6.0 
RAC-0.30-LL-100 1 100 180 600 580 0 1030 6.0 
Series II 
w/c=0.45 
NAC-0.45 —— 0 180 400 670 1180 0 4.0 
RAC-0.45-P42-50 42 50 180 400 652 551 551 4.0 
RAC-0.45-P42-100 42 100 180 400 652 0 1102 4.0 
RAC-0.45-P20-50 20 50 180 400 652 564 564 4.0 
RAC-0.45-P20-100 20 100 180 400 652 0 1129 4.0 
RAC-0.45-LH-100 1 100 180 400 640 0 1130 4.0 
RAC-0.45-LM-100 1 100 180 400 640 0 1130 4.0 
RAC-0.45-LL-100 1 100 180 400 640 0 1130 4.0 
Series III 
w/c=0.60 
NAC-0.60 —— 0 180 300 710 1240 0 3.0 
RAC-0.60-P42-50 42 50 180 300 702 593 593 3.0 
RAC-0.60-P42-100 42 100 180 300 702 0 1185 3.0 
RAC-0.60-LH-100 1 100 180 300 680 0 1200 3.0 
RAC-0.60-LM-100 1 100 180 300 680 0 1200 3.0 
RAC-0.60-LL-100 1 100 180 300 680 0 1200 3.0 
a
 For the nomenclature, taking ‗RAC-0.30-P42-50‘ for example, RAC denotes recycled aggregate 
concrete; 0.30 is the w/c ratio; P42 stands for the RCA type; 50 is the RCA replacement ratio. 
b 
RCA age is the time of parent concrete when they are crushed. 
c
 r stands for RCA replacement ratios. 
d
 w, c, NFA, NCA, RCA, SP is short for water, cement, natural fine aggregate, natural coarse 
aggregate, recycled coarse aggregate and superplasticizer, respectively. 
The 100 mm cubes and the 150×150×300 mm prisms were cured under laboratory 
condition for 24 hours before demoulding, after which these specimens were wet cured 
until the test ages. After casting, the free upper surfaces of the shrinkage specimens 
(including autogenous and drying shrinkage prisms) were immediately covered with two 
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layers of adhesive aluminum foil in order to prevent moisture loss from the concrete 
specimens. The autogenous shrinkage prisms were demoulded at 24 hours after casting 
and entirely wrapped with epoxy and two layers of plastic films to prevent inner water 
evaporation. The drying shrinkage specimens were first immersed in water tank for 
28 days and then were kept in the multipurpose laboratory. 
4.2.4 Test methods 
The compressive strength of concrete was tested using a compression machine with the 
loading capacity of 2000 kN. The loading rates applied in the compressive tests were 
5.0 kN/s, in accordance with GB/T 50081-2002 (MHRUD, 2002). The static modulus of 
elasticity of concrete was determined according to GB/T 50081-2002 (MHRUD, 2002) 
by means of using the same machine as that used in the compression tests. The 
autogenous shrinkage measurements were conducted following the recommendations of 
Holt (2001), i.e. strain gauges were vertically embedded in the centre of the specimens. 
The reading was first monitored at 24 hours after concrete casting and lasted for 224 days. 
The specimens were stored in the multipurpose laboratory with a constant temperature of 
(23±2)℃ throughout the whole measurement period. The drying shrinkage of concrete 
was determined by measuring the specimen length change according to GB/T 
50082-2009 (MHRUD, 2009). In particular, Demec gauges with a gauge length of 
200 mm were used to measure the shrinkage deformation on the 100×100×400 mm 
prisms. The initial lengths of the specimens were measured at 28 days after concrete 
casting and then the specimens were conveyed to the multipurpose laboratory with a 
constant temperature of (23±2)℃ and a constant relative humidity of (50±5)% for 
360 days. 
4.2.5 Mechanical properties of fresh and hardened concrete 
4.2.5.1 Workability of fresh concrete  
Concrete workability was measured with the slump test and slump values were 
(110±20) mm, (180±20) mm and (150±20) mm for concrete mixture with the w/c 
ratios of 0.30, 0.45 and 0.60, respectively. Detailed information of the slump values is 
summarised in Table 4-6. 
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Table 4-6 Mechanical properties of NAC and RAC 
Notation Mix designation 
r 
(%) 
Slump 
test 
(mm) 
Compressive strength fcu 
(MPa) (COV 
a
) 
Elastic modulus 
Ec (GPa) 
28 d 90 d 28 d 90 d 
Series I  
w/c=0.30 
NAC-0.30 0 120 57.9(2.3%) 68.2(2.2%) 39.1 40.4 
RAC-0.30-P42-50 50 115 58.2(0.6%) 66.9(3.7%) 34.5 35.7 
RAC-0.30-P42-100 100 125 53.3(3.4%) 61.3(3.4%) 29.9 30.9 
RAC-0.30-LH-100 100 90 58.2(4.8%) 66.6(4.2%) 31.7 32.8 
RAC-0.30-LM-100 100 130 55.5(1.0%) 63.9(1.9%) 29.2 30.2 
RAC-0.30-LL-100 100 110 53.4(1.0%) 62.1(7.3%) 31.9 33.0 
Series II 
w/c=0.45 
NAC-0.45 0 180 46.7(9.8%) 55.5(1.4%) 34.3 35.5 
RAC-0.45-P42-50 50 180 44.3(1.5%) 52.5(1.8%) 31.5 32.6 
RAC-0.45-P42-100 100 190 40.9(3.7%) 50.3(3.2%) 27.8 28.7 
RAC-0.45-P20-50 50 185 44.7(0.7%) 52.6(1.6%) 33.0 34.1 
RAC-0.45-P20-100 100 195 42.6(2.1%) 52.3(0.7%) 28.0 29.1 
RAC-0.45-LH-100 100 160 46.0(0.5%) 57.6(3.2%) 27.5 28.4 
RAC-0.45-LM-100 100 200 43.9(3.0%) 51.0(0.7%) 27.8 28.7 
RAC-0.45-LL-100 100 185 41.1(2.2%) 50.2(5.4%) 27.4 28.3 
Series III 
w/c=0.60 
NAC-0.60 0 145 36.9(0.8%) 46.3(6.6%) 32.5 33.6 
RAC-0.60-P42-50 50 135 32.1(6.6%) 38.3(0.7%) 30.4 31.4 
RAC-0.60-P42-100 100 170 28.4(3.9%) 34.6(3.0%) 27.2 28.1 
RAC-0.60-LH-100 100 165 33.1(1.5%) 43.0(3.4%) 27.1 28.0 
RAC-0.60-LM-100 100 130 32.4(6.1%) 40.1(4.3%) 27.1 28.0 
RAC-0.60-LL-100 100 155 31.6(1.6%) 39.6(2.2%) 27.7 28.6 
a 
COV is the coefficient of variation of three test results in each concrete mixture. 
4.2.5.2 Mechanical properties of hardened concrete 
The measured compressive strength and static modulus of elasticity of concrete at 
28 days and 90 days is also reported in Table 4-6. It can be noticed that the compressive 
strength of concrete was highly influenced by the compressive strength of parent 
concrete, and it is easier to achieve a higher compressive strength by using RCA from 
high strength parent concrete. For example, by means of selecting 100% of RCA-LH, 
concrete with a w/c ratio of 0.30 presented 28 d compressive strength of 58.2 MPa, which 
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was 9.0% higher than that made with 100% of RCA-LL (i.e. 53.4 MPa). The influence of 
RCA on the elastic modulus of RAC could be negligible, and this can be proved by the 
observation that concrete made with RCA with different compressive strength and with 
different service ages presented similar static modulus of elasticity, with the maximum 
difference of 9.3%. 
 Experimental results 4.3
4.3.1 Autogenous shrinkage 
All the measured autogenous shrinkage over time is illustrated in Appendix Ⅰ, and 
clearly the measurements from two specimens were acceptably close to each other with 
the maximum deviation of 15%. In the following, the mean value of the autogenous 
shrinkage was adopted for all the investigation. The general trend of the autogenous 
shrinkage development over time was a high rate of increase of shrinkage strain for the 
early period (around 28 days) followed by a more gradual one to the end of the long-term 
test, i.e. 224 days in this study. In particular, all NAC experienced around 120 days to 
achieve 90% of the final autogenous shrinkage at 224 days, and the development trend 
was nearly stable from 168 days. Despite that RAC basically experienced shorter time to 
develop its autogenous shrinkage in comparison with reference NAC; more attention 
should be paid to their final autogenous shrinkage values. In this case, the final 
autogenous shrinkage at 224 days was used to evaluate the influence of RCA on the 
autogenous shrinkage of RAC. 
4.3.1.1 Influence of replacement ratios 
Figure 4-1 illustrates the effects of r ratios of RCA on the autogenous shrinkage of 
resulting concrete, and the considered RCA included RCA-P20 and RCA-P42. Clearly, 
the autogenous shrinkage of concrete was reduced by introducing old RCA in all three 
test series, i.e. w/c=0.30, 0.45 and 0.60, and the reductions were more pronounced as 
RCA r ratios increased. Taking concrete made with RCA-P42 for example, when 50% of 
RCA-P42 was used, the reduction in the autogenous shrinkage of RAC in comparison 
with NAC measurements was 24.8%, 27.6% and 31.3%, for w/c ratios of 0.30, 0.45 and 
0.60, respectively. These percentages increased to 56.3%, 55.7% and 46.3% when 100% 
of RCA-P42 was used. 
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(a) w/c=0.30, RCA-P42 (b) w/c=0.45, RCA-P42 
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(c) w/c=0.45, RCA-P20 (d) w/c=0.60, RCA-P42 
Figure 4-1 Influence of RCA replacement ratios on the autogenous shrinkage 
In general, the difference in the autogenous shrinkage between NAC and RAC was 
speculated to be caused by the combined influences of (a) internal curing effects due to 
the saturated RCA, (b) decreases in the aggregate modulus due to the residual mortar, and 
(c) further hydration of the un-hydrated cement in the residual mortar. Particularly, the 
concept of ―internal curing effects‖ were first reported by Weber and Reinhardt (1997), in 
which the saturated aggregates could provide an internal source of water to counteract 
self-desiccation for resulting concrete. In this case, the internal capillary tension, which 
was regarded as the main reason to produce the autogenous shrinkage of RAC in this 
study, was significantly reduced by the transportation of water from the saturated RCA 
pores to the new cement paste via capillarity during the hydration process of cement. 
Considering that the autogenous shrinkage is mainly caused by the hydration of cement 
and restricted by the aggregate, it is worth mentioning that despite the reduction in the 
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aggregate stiffness (due to the incorporation of residual mortar) could reduce the restraint 
action and may lead to higher autogenous shrinkage, all RAC presented smaller 
autogenous shrinkage values (Figure 4-1). These observations indicate that in terms of 
the autogenous shrinkage behaviour of RAC, the internal curing effect is more significant 
than that of aggregate stiffness decrease. In addition, it is also worth mentioning that the 
influence of further hydration process of the un-hydrated cement in residual mortar could 
be negligible when using 20 and 40-year-old RCA, i.e. RCA-P20 and RCA-P42. 
The internal curing effects also led to the observations that the autogenous shrinkage of 
RAC was less influenced by its compressive strength when compared to that of NAC 
(Figure 4-2). Clearly, the 224 d autogenous shrinkage of concrete was basically linearly 
correlated to the compressive strength, irrespectively of RCA replacement ratios. The 
corresponding correlation coefficient R
2
 was between 0.91 and 0.95 for r ratios of 
0%-100%. By increasing the concrete strength from 40 MPa to 50 MPa, the increase in 
the 224 d autogenous shrinkage of NAC was 44.5%. This percentage decreased to 38.9% 
and 23.1%, when 50% and 100% of RCA was selected. The difference in the correlation 
reported in Figure 4-2 is mainly caused by the fact that different influence magnitudes of 
RCA on the compressive strength and on the autogenous shrinkage were observed. For 
example, when 100% of RCA-P42 was used, the reductions in the compressive strength 
of RAC were varying between 7.8% and 23.0% for different r ratios, while the reduction 
percentages in the autogenous shrinkage were from 46.3% to 56.3%. In this case, with 
given change in the compressive strength, smaller difference in the autogenous shrinkage 
was observed in RAC when compared to that of NAC. 
Based on the above observations (i.e. the influence of RCA on the autogenous shrinkage 
and on the correlation between autogenous shrinkage and compressive strength), it may 
be concluded that the available autogenous shrinkage models for NAC, e.g. EC2 model, 
cannot be capable for RAC. 
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Figure 4-2 Relationship between compressive strength and autogenous shrinkage 
4.3.1.2 Influence of RCA service ages 
Figure 4-3 shows how the autogenous shrinkage of RAC varies with different service 
ages, i.e. 1 year, 20 years and 42 years. For ease of notation, the 1 year old aggregate 
(RCA-LM) could be regarded as young RCA; while the 20 year (RCA-P20) and 42 year 
old aggregate (RCA-P42) could be regarded as old RCA. Clearly, larger autogenous 
shrinkage was observed in concrete made with young RCA when compared to that made 
with old RCA. For example, the 224 d autogenous shrinkage of concrete made with 100% 
of RCA-P42 was 65 με, 54 με and 36 με for w/c ratio of 0.30, 0.45 and 0.60, respectively, 
while the 224 d autogenous shrinkage of concrete made with 100% of RCA-LM was 
179 με, 122 με and 91 με, respectively. The autogenous shrinkage of RAC made with 
young RCA (RCA-LM) was 2.75, 2.26 and 2.53 times larger than that made with 
RCA-P42. The significant increase was probably due to the un-hydrated cement in the 
residual mortar of young RCA, which not only increased the total cement content and 
thus increased the internal capillary tension, but also consumed the absorbed free water 
and reduced the corresponding internal curing effects. 
In this manner, RAC made with young RCA could present even larger autogenous 
shrinkage than the NAC measurements in some cases (Figure 4-3 a and c). For example, 
the autogenous shrinkage of RAC made with 100% of RCA-LM was 20.0% and 35.8% 
larger than that of NAC, respectively, for w/c of 0.30 and 0.60, respectively. Similar 
observations were observed in concrete made with RCA-LH and RCA-LL (Figure 4-4). 
For instance, by means of using 100% of RCA-LH, increase of 48.3%, 14.6% and 49.2% 
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in the autogenous shrinkage of resulting concrete was observed when compared to that of 
reference NAC, for w/c of 0.30, 0.45 and 0.60, respectively. 
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Figure 4-3 Influence of aggregate service age on the autogenous shrinkage 
The difference in the autogenous shrinkage of RAC could be negligible, when the 
selected RCAs were old enough, i.e. RCA-P20 and RCA-P42 in this study. As shown in 
Figure 4-1 b and Figure 4-3 b, the 224 d autogenous shrinkage of concrete made with 50% 
and 100% of RCA-P20 and RCA-P42 was at the order of 85 με and 50 με, respectively, 
with the maximum difference of 16.0%. This is probably because that the hydration of 
cement in the residual mortar has nearly fully-developed in both of these two kinds of 
RCA, and little hydration process could further influence the autogenous shrinkage of the 
resulting concrete. 
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(c) w/c=0.60 
Figure 4-4 Influence of compressive strength of parent concrete on the autogenous shrinkage 
Based on the above investigation, the service time of parent concrete is suggested to be 
considered for the commercial application of RAC, especially when the static and 
dynamic responses of the structural members are greatly influenced by concrete 
autogenous shrinkage. The young RCA is suggested to be stored for a longer time before 
used in the structural members, otherwise, laboratory tests need to be conducted to 
estimate the autogenous shrinkage of resulting RAC in structural members for safety 
purposes. In addition, particular attention should be devoted to the service time of RCA 
when investigating the autogenous shrinkage behaviour of RAC through laboratory tests, 
and the service time of RCA should be provided in the published work, otherwise, large 
scatter in the experimental data may be inevitable or even conflict conclusions may be 
drawn. 
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4.3.1.3 Influence of compressive strength of parent concrete  
Figure 4-4 illustrates the influence of compressive strength of parent concrete on the 
autogenous shrinkage. Except for one case in Figure 4-4 b (i.e. RAC-0.45-LH-100), 
which exhibited unexpected high autogenous shrinkage, all the other concrete presented 
similar trend in the autogenous shrinkage with the compressive strength of parent 
concrete, i.e. concrete made with RCA from lower strength parent concrete presented 
larger autogenous shrinkage. Taking concrete with w/c ratio of 0.30 for example, despite 
that RCA-LL presented smaller CRM values and similar water absorption capacities to 
those of RCA-LM and RCA-LH (Table 4-4), the 224 d autogenous shrinkage of concrete 
made with 100% of RCA-LL was 221 με, which was 23.5% larger than that of 
RAC-LM-100. This percentage increased to 48.3% by using 100% of RAC-LH-100. 
Similar observations were obtained in concrete with w/c =0.60, where the autogenous 
shrinkage of concrete made with 100% of RCA-LL was 3.4% and 13.6% larger than that 
of RAC-0.60-LM-100 and RAC-0.60-LH-100, respectively. 
Further investigation on the experimental results reported by Gonzalez-Corominas and 
Etxeberria (2016) also indicated similar variation trend for autogenous shrinkage with 
varying parent concrete strengths (Figure 4-5). In particular, despite that RCA from 
60 MPa parent concrete (RCA-60) presented smaller ω value of 4.90% when compared 
to that from 40 MPa parent concrete (RCA-40, ω=5.91%), the autogenous shrinkage of 
100 MPa RAC made with 50% and 100% of RCA-60 was 87 με and 31 με, which was 
40.2% and 48.4% larger than that made with RCA-40, respectively. 
The increases in the autogenous shrinkage of RAC made with RCA from lower strength 
parent concrete were probably due to the decrease in the aggregate modulus, which 
would provide lower restriction action to the shrinkage of the cement paste in the 
resulting concrete. This conclusion is obtained considering that the adopted parent 
concretes with similar service time may experience similar cement hydration degree in 
the residual mortar, and in this case similar influence magnitude of un-hydrated cement 
on the autogenous shrinkage could be obtained in the resulting concrete. Besides, RCA 
from parent concrete with lower compressive strength presented comparable (i.e. RCA 
with similar ω values of 5.33%-5.99% in this study as listed in Table 4-4) or even higher 
Chapter 4 Influence of parent concrete on the shrinkage behaviour of normal grade RAC 
 -106- 
ω values (ω value of 4.90% for RCA-60 and 5.91% for RCA-40 by Gonzalez-Corominas 
and Etxeberria (2016), and therefore similar or ever more significant ―internal curing 
effects‖ could be obtained in the resulting RAC. Based on the observation, the influence 
of the compressive strength of parent concrete on the autogenous shrinkage may be 
further introduced to RAC autogenous shrinkage models. 
 
Figure 4-5 Autogenous shrinkage measurements by Gonzalez-Corominas and Etxeberria (2016) 
Note: fPC is the compressive strength of parent concrete, and ω is the water absorption of RCA. 
4.3.2 Drying shrinkage 
All the measured drying shrinkage over time is illustrated in Appendix B. Clearly, except 
for two groups (i.e. RAC-0.45-P20-50 and RAC-0.45-P20-100), the two measurements in 
the other groups were acceptably close to each other with the maximum deviation of 15%, 
and in the following the mean value of the drying shrinkage was adopted. For 
RAC-0.45-P20-50 and RAC-0.45-P20-100, one of the measurements was significantly 
smaller than the other one probably due to the loosening of the Demec targets, which was 
not included in the following studies. 
The drying shrinkage of the specimens is shown in Figure 4-6. The fluctuations in the 
measured shrinkage over time were mainly due to the variation of environmental 
conditions (i.e. temperature and relative humidity). It is clear that the shrinkage of 
specimens kept increasing during the whole test period, with a fairly rapid growth to 
more than 90% of the final drying shrinkage in the first 120 days, and then with a 
stabilizing trend to the end of the test, i.e. 360 days in this study. 
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(a) w/c=0.30, RCA-P42 (b) w/c=0.30, parent concrete from laboratory 
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(c) w/c=0.45, RCA-P42 (d) w/c=0.45, parent concrete from laboratory 
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(g) w/c=0.60, RCA-P42 
Figure 4-6 Drying shrinkage of concrete made with different types of RCA 
For all the concrete mixtures, the drying shrinkage of concrete increased with increasing 
RCA r ratios, as illustrated in Figure 4-6 a, c e and g. In particular, by using 50% of 
RCA-P42, increases between 3.7% and 19.7% were observed in the drying shrinkage of 
RAC when compared to that of reference NAC. This percentage increased to 27.6%-51.8% 
when using 100% of RCA-P42. Similar observation was found in RAC made with 
RCA-P20, and an increase of 10.5% and 35.1% was observed in RAC made with 50% 
and 100% of RCA-P20, respectively, when compared to that of NAC. 
When the same RCA r ratios were selected, larger CRM values of RCA led to larger 
shrinkage for the resulting concrete. For example, RAC-0.45-P42-100 made with 100% 
of RCA-P42 (CRM=47.9%) presented 8.4% higher shrinkage than that prepared with 100% 
of RCA-P20 (CRM=40.1%). This was consistent with the study reported by Duan and 
Poon (2014). It was explained to be caused by the reduction in the aggregate modulus. 
From the point of view in this study, one more possible explanation is that the increase in 
the drying shrinkage of RAC was also caused by the moisture egress in the residual 
mortar (RM), despite the RM in saturated RCA may present slightly smaller drying 
shrinkage than that of new mortar. 
Figure 4-7 illustrates how the shrinkage amplification factors (κsh,dry) (defined as the ratio 
of RAC drying shrinkage over that of reference NAC) was influenced by the compressive 
strength of parent concrete. The predicted κsh,dry by different shrinkage models are also 
plotted in Figure 4-7, which will be introduced in more details in Section 4.4.2. Clearly, 
T=23℃ 
RH=50% 
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RCA from parent concrete with lower strength values led to larger drying shrinkage in 
the resulting concrete, even with smaller CRM values. For example, when RCA-LH was 
selected to prepare RAC with w/c=0.30, the drying shrinkage was 40.8% higher than that 
of NAC-0.30, and this percentage increased to 44.8% by using RCA-LM and to 59.6% 
by using RCA-LL. Similar observations could be obtained in the concrete with w/c ratios 
of 0.45 and 0.60. In particular, when compared to reference NAC, RAC with a w/c ratio 
of 0.45 presented 33.0% larger drying shrinkage by using 100% of RCA-LH, and this 
percentage increased to 39.2% and to 54.9% by selecting 100% of RCA-LM and 
RCA-LL, respectively. When a w/c ratio of 0.60 was used, the κsh,dry in RAC was 1.449 
by using 100% of RCA-LL, which was 37.7% and 59.2% larger than that with 100% of 
RCA-LM and RCA-LH, respectively. 
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Figure 4-7 Influence of parent concrete on the shrinkage increase (κsh,dry) 
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Further investigation on the experimental results reported by other researchers also 
indicates similar variation trend for κsh,dry with the varying compressive strength of parent 
concrete, e.g. Gonzalez-Corominas and Etxeberria (2016) and Kou and Poon (2015). 
Comparing the κsh,dry for these specimens (Figure 4-8) it can be observed that RAC using 
recycled aggregate produced from lower strength parent concrete had a higher κsh,dry 
compared to RAC with recycled aggregate produced from higher strength parent concrete. 
In particular, when RCA from 100 MPa parent concrete was selected to prepare 100 MPa 
RAC, an increase of 37.5% in the 360 d shrinkage of resulting concrete was obtained. 
These increase results significantly increased to 54.5% by using 100% of RCA from 
60 MPa parent concrete, while the largest percentage of 112.6% was obtained by using 
100% of RCA from 40 MPa parent concrete. Similar increase trends could be observed in 
the cases with r ratios of 20% and 50%. Also, when parent concrete with different 
compressive strengths was selected to mix medium grade RAC (45 MPa), as reported by 
Kou and Poon (2015), the κsh,dry at 112 days increased from 15.4% to 35.3% for RCA 
with decreasing parent concrete strength between 100 MPa and 30 MPa. 
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(a) RAC compressive strength of 100MPa by 
Gonzalez-Corominas and Etxeberria (2016) 
(b) RAC compressive strength of 45MPa by 
Kou and Poon (2015) 
Figure 4-8 Comparison between experimental and predicted shrinkage increase from literatures 
This is probably caused by the fact that RCA collected from low strength parent concrete 
may have a higher porosity, a less uniform hardened cement paste, both of which would 
lead to lower restriction action to new cement paste and therefore lead to larger shrinkage 
in the resulting concrete. 
The University of Sydney 
 
 -111- 
Based on the observations from the experiments summarized above, it can be noted that 
the increase in shrinkage (κsh,dry) induced by the incorporation of RCA depended not only 
on the residual mortar content, but also on the properties of parent concrete (e.g. 
compressive strength). In the following, current shrinkage models (i.e. autogenous 
shrinkage and drying shrinkage models) were evaluated and modified. 
 Modification of existing shrinkage models for RAC 4.4
To date none RAC autogenous shrinkage models have been reported in literatures. 
Formulas for autogenous shrinkage of NAC, all of exponential decay form, were 
suggested by variety of international standards, e.g. EC2 (BSI, 2004), AS3600 (SA, 2009) 
and JIS (2002). Detailed information of typical autogenous shrinkage models is listed in 
Appendix Ⅲ. For the drying shrinkage, some researchers have managed to apply the 
shrinkage model for normal concrete (e.g. EC2 model) to the prediction of the drying 
shrinkage of RAC by multiplying a drying shrinkage amplification factor (κsh,dry). In 
particular, the proposed equations to predict the amplification factor (κsh,dry) for drying 
shrinkage included the residual mortar factor proposed by Fathifazl et al. (2011), the 
correlation equations developed by Brito and Robles (2010) and the RCA replacement 
ratios (r) by Cabral et al. (2010), etc.. A detailed introduction of these models is listed in 
Appendix Ⅳ, and these models have been referred to as Fathifazl model, De Brito (D) 
model, De Brito (W) model and Cabral model for ease of notation. However, current 
RAC drying shrinkage models do not include the influence of the compressive strength 
of parent concrete. In this context, an attempt is made to propose modifications for both 
RAC autogenous shrinkage and RAC drying shrinkage predictions in the following study, 
accounting for the influence of the key parameters reported in Section 4.3. 
4.4.1 Modified autogenous shrinkage model 
Considering that the mechanism to cause the autogenous shrinkage of concrete 
comprising of a multitude of chemical and physical reactions, is a micro scale 
mechanism still not sufficiently clarified even for NAC, one possible solution to predict 
the autogenous shrinkage of RAC is to relate it to that of reference NAC by including the 
influence of RCA. In the following, the autogenous shrinkage model to estimate the 
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autogenous shrinkage of NAC was first determined based on which the RAC model was 
developed. 
4.4.1.1 Determination of the autogenous shrinkage model for NAC 
Figure 4-9 shows the autogenous shrinkage of normal grade NAC predicted by different 
autogenous shrinkage models. Clearly, by means of combining the amplification factors 
(i.e. KEC2=1.67 and KAS3600=1.80), the autogenous shrinkage of NAC was reasonably 
estimated with the maximum difference of 15% for modified EC2 model and 10% for 
modified AS 3600 model (Figure 4-9 a and b). In terms of JIS model, the autogenous 
shrinkage of NAC with medium and high w/c ratios (i.e. w/c=0.45 and 0.60) were well 
predicted, while the autogenous shrinkage of NAC with a w/c ratio of 0.30 was 
significantly overestimated, with predicted value being 2.26 times larger than the 
experimental data. In this context, the modified EC2 and AS3600 models were used to 
evaluate the autogenous shrinkage of RAC in the following study. 
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(c) JIS model 
Figure 4-9 Comparisons between experimental and predicted autogenous shrinkage for NAC 
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4.4.1.2 Modified autogenous shrinkage models for RAC 
The autogenous shrinkage of concrete was highly dependent on the aggregate/cement 
ratio and water-to-cement ratio, and one empirical formula for the parameters of the final 
autogenous shrinkage of NAC by Hubler et al. (2015) is listed as Eq. (4-1). 
   NACau au,cem NAC NAC NAC NAC/ 6 / 0.38
a wr r
a c w c
 
          ( 4-1 ) 
In which NAC
au  and εau,cem is the final autogenous shrinkage of NAC and cement paste, 
respectively; aNAC/cNAC is the weight ratio of coarse aggregate over cement for NAC; 
wNAC/cNAC is the total water-to-cement ratio for NAC. rεa
 
and rεw is the corresponding 
coefficients, and is suggested to be -0.5 and -3.5, respectively (Hubler et al. ,2015). 
Considering that the RCA usually experienced a long time before used in structural 
members, the influence of the further hydration caused by the un-hydrated cement on the 
autogenous shrinkage was neglected. Besides, due to the limited data related to the 
influence of parent concrete strength on the autogenous shrinkage of RAC made with old 
RCA, the influence of parent concrete strength on the autogenous shrinkage of RAC was 
not considered in this study. In this manner, when RCA was introduced to concrete, 
according to the experimental investigation previously reported in Section 4.3.1, lower 
aggregate stiffness and higher total w/c ratios were obtained in the resulting concrete 
when compared to that of NAC. In this case, the autogenous shrinkage of RAC can be 
written as Eq. (4-2). 
   RAC Tau au,cem RAC RAC RAC RAC/ 6 / 0.38
wa
rr
a c w c

         ( 4-2 ) 
In which RAC
au  is the autogenous shrinkage of RAC, aRAC/cRAC is the weight ratio of 
stone particles over cement for RAC; T
RACw /cRAC is the total water-to-cement ratio for 
RAC, and T
RACw  could be calculated as the sum of the effective mixing water (wRAC) and 
the absorbed water by RCA. By combining Eq. (4-1) and Eq. (4-2), the autogenous 
shrinkage of RAC could be estimated via the autogenous shrinkage of NAC multiplying 
an amplification factor (κsh,au), as listed in Eq. (4-3). 
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 
 
 
 
T
RAC RAC RAC RAC
NAC N
RAC
au
sh,au NA
AC NAC N
C
a ACu
/ 6 / 0.38
[ ]
/ 6
= [
8
]
/ 0.3
a wr ra c w c
a c w c
 


  ( 4-3 ) 
It is worth mentioning that Eq. (4-3) could be divided into two parts, as Eq. (4-4) and 
(4-5), in which the influence of the loss of aggregate stiffness due to the inclusion of 
residual mortar was considered by 
a,auK , and the internal curing effects caused by 
saturated RCA were estimated by Kw/c. These two equations were achieved by assuming 
that no further hydration process of the un-hydrated cement in RM occurred in RAC, i.e. 
RACc = NACc . 
 
 
RAC RAC RAC
NAC NAC N
,au
AC
a
/ 6
[ ]
/ 6
[ ]
a ar ra c a
a a
K
c
 
   ( 4-4 ) 
 
 
T T
RAC RAC RAC
NAC NAC N
w/c
AC
/ 0.38
[ ] [ ]
/ 0.38
w wr r
K
w c w
w c w
 
 
 
( 4-5 ) 
Considering the stone particles acted the principle restraint action to the autogenous 
shrinkage of cement paste in RAC, the weight ratio (aRAC/aNAC) in Eq. (4-4) could be 
rewritten by means of its volume ratio ( TNCA NCA
RAC NAC/V V ) as reported in Eq.(4-6) and this is 
obtained based on the assumption that original virgin aggregate (OVA) in RCA presented 
similar density values to that of NCA. 
RAC
NAC
RAC
TNCA
a,au NAC
NCA
[ ] [ ]
a ar ra
a
V
K
V
 
   ( 4-6 ) 
where NAC
NCAV  is the volume fraction of stone particle in NAC, and 
RAC
TNCAV  is the volume 
fraction of total stone particle in RAC and could be calculated by Eq.(4-7). 
RAC RAC RAC RAC
RMTNCA NCA OVA CA(1 )V V V r C V       ( 4-7 ) 
In Eq. (4-7), RAC
OVAV  and 
RAC
NCAV  is the volume fraction of OVA and NCA in RAC, and 
RAC
CAV  is the volume fraction of coarse aggregate in RAC. r is the RCA replacement ratio 
and CRM is the residual mortar content. Generally, the volume fraction of coarse 
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aggregate in recycled concrete ( RAC
CAV ) is equal to that for the NCA in companion natural 
concrete ( NAC
NCAV ), in which case Eq. (4-4) can be modified for RAC as follows: 
a,au RM(1 )
ar
K r C

    ( 4-8 ) 
Considering that the T
RACw  is the total water content in RAC mixtures and could be 
calculated as the sum of the effective mixing water (
RACw , which is always equal to 
NACw  in reference NAC) and the absorbed water caused by RCA, Eq.(4-5) could be 
expressed as Eq.(4-9), where   is the water adsorption of RCA, and RCA
RACa  is the 
content of RCA in RAC.  
RCA
RAC RAC RAC
NAC R
w/c
AC
[ ] [ ]
w wr rw w a
w
K
w
  
 
 
( 4-9 ) 
By using Eq.(4-8) and Eq.(4-9), Eq.(4-3) could be rewritten as Eq.(4-10). 
RAC
au
sh,au RMNAC
au
RCA
RAC RAC
RAC
(1 ) [ ]
 


  




a wr r
C
w a
w
r  ( 4-10 ) 
The developed model (i.e. Eq. 4-10) is benchmarked against the normal grade RAC data 
collected from this study, with the comparison results of 224 d final autogenous 
shrinkage reported in Figure 4-10 and of the development trends illustrated in Appendix 
A. The autogenous shrinkage of NAC is calculated based on modified EC2 and AS3600 
models. Clearly, the test results were well predicted by the autogenous shrinkage model 
proposed in this study. In particular, for the 224 d autogenous shrinkage, the linear 
regression and correlation coefficient R
2
 are 0.96 and 0.91 by selecting modified EC2 
model, while the linear regression and correlation coefficient R
2
 are 1.00 and 0.95 by 
selecting modified AS3600 model. 
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Figure 4-10 Comparisons between test and predicted 224 d autogenous shrinkage for RAC 
4.4.2 Modified drying shrinkage model 
4.4.2.1 Modified drying shrinkage models accounting for the influence of parent concrete 
strength 
As concrete can be treated as a two-phase composite material (i.e. mortar and coarse 
aggregate), and the drying shrinkage is mainly caused by the mortar and restricted by the 
coarse aggregate, the shrinkage of NAC could be estimated by Eq.(4-11) (Fathifazl et al., 
2011), in which 
NAC
sh
  is the drying shrinkage of natural concrete and NM
sh
  is the drying 
shrinkage of natural mortar with the same composition as that in NAC. NAC
NCAV  is the 
volume fraction of NCA in natural concrete. n is an empirical exponent varying from 1.2 
to 1.7, which is estimated by the modulus of NCA (Fathifazl et al., 2011). 
NAC NM NAC
NCAsh sh
(1 )nV     ( 4-11 ) 
Considering the RCA is also two component composite materials consisted of original 
virgin aggregate (OVA) and residual mortar (RM), and similar equation could be 
obtained for RAC as Eq. (4-12). 
RAC TM RAC
TNCAsh sh
(1 )nV     ( 4-12 ) 
In which 
RAC
sh
  is the drying shrinkage of RAC and TM
sh
  refers to as the drying 
shrinkage of new and residual mortar ensemble in RAC. RAC
TNCAV  is the volume fraction of 
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total stone particles in RAC and could be calculated by Eq.(4-7). Accordingly, Eq. 
(4-11~4-12) can be modified for RAC as Eq.(4-13): 
RAC TM RAC
RMsh sh CA
sh,dry NAC NM NAC
NCAsh sh
1 (1 )
1
n
r C V
V
 

 
    
   
 
 ( 4-13 ) 
For ease of understanding this equation, the first ratio is referred to Kf (as reported in Eq. 
4-14) which is caused by the difference in the properties of natural mortar and residual 
mortar, and the second ratio is notated as a,dryK  caused by the volume change of NCA in 
recycled concrete and is reported in Eq. (4-15) due to the fact that RAC
CAV  is generally 
equal to NAC
NCAV . 
TM NM
f sh sh
/K    ( 4-14 ) 
RAC
RM CA
a,dry
RAC
CA
1 (1 )
1
n
r C V
K
V
    
  
 
 ( 4-15 ) 
Considering the fact that concrete with a higher compressive strength (generally with a 
smaller w/c ratio) could present lower shrinkage in the corresponding mortar, and vice 
versa, thus the correlation between the final drying shrinkage of mortar and the 
compressive strength of resulting concrete could be expressed by a function as reported 
in Eq.(4-16) in accordance with EC2 shrinkage model: 
 NM cmsh exp ( )f f   ( 4-16 ) 
In which 
NM
sh
  and 
cmf is the drying shrinkage of natural mortar and compressive 
strength of NAC, respectively. 
In this case, Kf is re-written as Eq.(4-17) to include the influence of residual mortar 
quality, by which the influence of parent concrete strength could be considered.  
RACRAC
PC NACNMRM
cm cmRAC RAC
TM TM
f NAC
cm
exp( )+ exp( )
exp( )
VV
a f b f
V V
K
b f
   


 
( 4-17 ) 
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In this equation, RAC
RMV , 
RAC
NMV  and 
RAC
TMV  is the volume fraction of residual mortar, new 
mortar and total mortar in RAC, respectively. PC
cmf  and 
NAC
cmf  is the compressive 
strength of parent concrete and natural concrete, respectively. a and b is coefficients that 
reflect the correlation between mortar shrinkage and compressive strength of parent 
concrete and NAC, respectively. 
Considering the compressive strength of natural concrete are close related to that of 
recycled concrete, Eq.(4-17) could be re-written as Eq.(4-18) by using the compressive 
strength of RAC. ―c” is a coefficient that reflects the correlation between mortar 
shrinkage and compressive strength of RAC. 
RACRAC
PC RACNMRM
cm cmRAC RAC
TM TM
f RAC
cm
exp( )+ exp( )
exp( )
VV
a f c f
V V
K
c f
   


 
( 4-18 ) 
When compared to the drying shrinkage of NAC, up to 80% of the drying shrinkage 
could be developed for concrete exposed to air drying again after immersed into water 
(Neville, 1995), i.e. PC RAC
cm cmexp( ) 0.8 exp( )a f c f    . In this case, the coefficients ―a‖ 
and ―c‖ have been regressed to be -0.045 and -0.04, respectively, based on the 
experimental drying shrinkage data collected from this study. 
4.4.2.2 Comparisons between experimental and predicted κsh,dry 
Figures 4-7 and 4-8 illustrate the comparison results between the predicted κsh,dry values 
by means of using different models and those measured for RAC specimens collected 
from this study and from two typical studies, i.e. Gonzalez-Corominas and Etxeberria 
(2016) and Kou and Poon (2015). The drying shrinkage models included Fathifazl model, 
De Brito (D) and De Brito (W) models, Cabral model and the proposed model in this 
study. It is worth mentioning that the drying shrinkage predicted via the newly proposed 
model in this study based on EC2 model is also reported in Appendix Ⅱ. 
Clearly, the shrinkage model developed in the study well matched the κsh,dry for recycled 
concrete, especially for high strength concrete made with low grade RCA (Figure 4-7 and 
Figure 4-8 a). As illustrated in Figure 4-8 a, for example, the κsh,dry of RAC made with 
100% of RCA from 100 MPa, 60 MPa and 40 MPa parent concrete was 1.375, 1.545 and 
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2.126, respectively, while the predicted ones by Fathifazl model were 1.193, 1.262 and 
1.322, respectively. Due to neglecting the influence of parent concrete strength on the 
shrinkage behaviour, only 51.2%, 48.1% and 62.2% of the measured result was estimated 
using Fathifazl model. Moreover, not all the shrinkage models could reflect the influence 
of compressive strength of parent concrete on κsh,dry. In particular, all specimens 
presented larger κsh,dry values with lower parent concrete strength, however, a few 
shrinkage models even provided an opposite trend, e.g. Fathifazl model (Figure 4-7). It is 
worth mentioning that the miscalculation was smaller in the case when using high grade 
parent concrete to mix medium grade RAC, and all shrinkage models provided 
reasonable results, with the maximum difference of 10.4% (Figure 4-8 b). 
In order to better evaluate the accuracy of each shrinkage model in predicting the drying 
shrinkage of RAC specimens, statistical analysis is carried out on the data presented in 
Figure 4-11. It should be noticed that only the specimens with the information of parent 
concrete strength (a total of 74 groups) are included in the benchmarking analysis. The 
material properties and experimental conditions during the shrinkage tests are 
summarized in Table 4-7. In particular, material properties from literatures consisted of 
the compressive strength of parent concrete ranging from 21.0 MPa to 100 MPa, the 
crushing age of 6 months to 15 years, the obtained RCA of Type II to Type III in 
accordance with JGJ240-2011 (MHRUD, 2011). The RCA r ratios were in the range of 
0%-100% to prepare RAC with compressive strength of 20-104 MPa. The RAC was 
subjected to varied environmental RH of 50%-60%. Clearly, when using the newly 
proposed model in this study (Figure 4-11 a), the linear regression and correlation 
coefficient R
2
 were 0.982 and 0.803, based on which the newly proposed model could be 
regarded as good to account for the influence of parent concrete. However, if the 
influence of parent concrete was ignored, the correlation coefficient R
2
 were varying 
from 0.904 to 0.540 for different drying shrinkage models, and could not provide 
acceptable results. 
It is also envisaged that further comparison with new experimental results are required to 
validate the adequacy of the proposed shrinkage model, especially with the test data from 
high strength concrete made with low grade RCA. 
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Figure 4-11 Comparisons between predicted and test κsh,dry 
Note: As recommended by De Brito (2010 a, 2010 b), the correlation coefficient could be regarded as 
acceptable (0.65≤R
2
≤0.80), good (0.80≤R
2
≤0.95) and very good (R
2
≥0.95). 
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Table 4-7 Material properties and experimental conditions for the tested RAC 
Authors 
Information of Parent concrete  
Physical 
properties 
a
 
r (%) 
Moisture 
of RCA 
Curing 
condition 
Properties of RAC 
fc (MPa) 
Crushing 
age 
Crushing 
method 
b
 
 fc (MPa) Ec (GPa) εsh,dry(με) 
Ajdukiewicz &Kliszczewicz 
(2002) 
63.2/72.3 — —  — 0/100 SSD — 50~54 30~40 550~690 
Manzi et al.(2013) 36 15years T2  III 0/51.9 
Wet 
condition 
20°,60% 41/51 30/31 431~771 
Pedro et al. (2014) 21~65.7 — T1, T2  II, III 0~100 SSD 20°,60% 20~72 25~48 300~500 
Kou & Poon (2015) 30~100 — —  II, III 0/100 SSD 23°,50% 45~65 32~38 480~700 
Gonzalez-Corominas & 
Etxeberria (2016) 
40,60,100 
6 month; 
2-3years 
—  II, III 0~100 SSD 23°,50% 89~104 37~50 310~775 
This study 36.9~62.7 
1/20/42 
years 
T2  II, III 0~100 SSD 23°,50% 28.4~58.2 27~39 411~714 
a 
The density and water absorption for Type I is (≥2450 kg/m
3
, ≤3.0%), Type II (≥2350 kg/m
3
, ≤5.0%), and Type III (≥2250 kg/m
3
, ≤8.0%) according to 
JGJ 240-2011.
 
b
 T1 is using an impact crusher; T2 is using an impact crusher and a hammer mill. 
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4.4.2.3 Application of modified drying shrinkage model 
The high variety of the mechanical properties of RAC is one of the key issues that 
limit their use in structural members. In order to support the wider use of recycled 
aggregates, many countries have proposed guidelines to group recycled aggregates 
into different classes according to their physical properties, e.g. water absorption 
and density (MHRUD, 2011). According to the model proposed in this study, the 
variation of the compressive strength from 30 MPa to 100 MPa led to the maximum 
of 108.4% difference in the drying shrinkage for normal grade RAC. It is worth 
mentioning that the influence of parent concrete strength on the drying shrinkage of 
RAC cannot be represented by the factor of RCA r ratios, water absorption, density 
or residual mortar content. In this manner, the high-strength concrete (e.g. with the 
compressive strength fcm ≥ 50 MPa) is suggested to be grouped separately from the 
normal-strength one in the recycling plant as the compressive strength of the parent 
concrete affects the shrinkage behaviour of the resulting concrete significantly.  
An equivalent compressive strength is suggested to account for the combined 
influence of RCAs with different parent concrete strength on the shrinkage 
deformation of the resulting concrete for the case when the separation of the 
high-strength and normal-strength concrete is not applicable (e.g. the blasting 
demolition of high-rise buildings, where high-strength concrete from columns and 
normal-strength concrete from slabs and beams are all mixed together). When the 
combination proportion of the parent concrete with different grades is not available , 
one particular value for compressive strength may be used to ease the prediction of 
the shrinkage deformation. In particular, by using the fcm value of 70 MPa for RAC 
with RCA from high-strength parent concrete and using fcm=40 MPa for that from 
normal-strength one, the produced deviation of the predicted shrinkage deformation 
is only 7.2%-19.7% from the accurate prediction results for normal grade RAC with 
fcm of 30-60 MPa and CRM of 10%-50%. 
It is also worth mentioning that the proposed model can also work as an easy way to 
account for the effect of the inherent randomness of the parent concrete strength on 
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the probabilistic prediction of structural shrinkage responses of RAC members, if 
the separation of high-strength parent concrete and the normal strength one is not 
applicable. 
 Conclusions 4.5
This Chapter presented an experimental study on the shrinkage behaviour of normal 
grade RAC with RCA obtained from different parent concrete sources. The test 
parameters included the compressive strength of parent concrete (30, 40 and 
60 MPa) and RCA replacement ratios (r=0%, 50% and 100%). The autogenous 
shrinkage was measured for a total period of 224 days, while the drying shrinkage 
of concrete was monitored for a total period of 360 days. Based on the experimental 
data collected from this study and those available in literatures, the autogenous and 
drying shrinkage models were developed. The following conclusions can be drawn 
based on the results of this study: 
(1) Compared to reference NAC, smaller autogenous shrinkage were obtained 
in RAC by using old RCA due to the internal curing effects caused by the 
saturated RCA. In this study, varying decreases of 42.3%-65.8% were 
observed in the autogenous shrinkage of concrete by using 100% of old 
RCA. 
(2) Compared to RAC with old RCA, 2.26-2.75 times larger autogenous 
shrinkage was obtained in RAC with young RCA due to the further 
hydration of the un-hydrated cement in the residual mortar. In this manner, 
the fresh waste concrete (e.g. constructional waste concrete) and the old 
waste concrete from demolition projects served for decades may be 
considered to be grouped separately in the RCA plant to reduce the scatter 
of the mechanical behaviour of the resulting RAC. 
(3) A maximum increase of 59.6% in the drying shrinkage was observed in 
RAC with 100% of RCA when compared to that of NAC. The drying 
shrinkage of RAC was also influenced by the compressive strength of parent 
concrete, with the shrinkage amplification factors (κsh) varying between 
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1.28 and 1.60 in this study. The shrinkage amplification factors decreased 
with increasing parent concrete strength, which cannot be represented by the 
water absorption, the density or the residual mortar content of the RCA. 
(4) The autogenous shrinkage model for RAC was developed accounting for the 
combined effects of residual mortar content (CRM) and the absorbed water 
by saturated RCA. The experimental data obtained in this study were well 
predicted by means of the proposed autogenous shrinkage model according 
to both EC2 and AS3600 models, with linear regression larger than 0.96 and 
correlation coefficient R
2
 larger than 0.91. 
(5) The drying shrinkage model for RAC was developed accounting for the 
combined effects of residual mortar quality and content. Current RAC 
shrinkage data collected from this study and from literatures were well 
estimated by means of the proposed models in this study, with linear 
regression of 0.98 and correlation coefficient R
2
 of 0.80. 
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CHAPTER 5 Non-uniform Shrinkage in 
Composite Steel-concrete Slabs Prepared with RCA  
 Introduction 5.1
The long-term behaviour of composite floor systems is significantly influenced by the 
shrinkage of concrete. In particular, non-uniform shrinkage occurs through the thickness 
of slabs due to the inability of the composite slabs to dry from their underside. These 
shrinkage profiles are nonlinear through the slab thickness as these reflect the 
corresponding relative humidity (RH) distributions. Compared to NAC, RAC exhibits 
larger drying shrinkage but smaller autogenous shrinkage, which may make the 
shrinkage profiles in RAC composite slabs different from those observed in NAC 
composite slabs. To date no research has been undertaken on the time-dependent 
behaviour of RAC composite slabs and little guidance is available to structural engineers 
for their routine design.  
This Chapter presents the experimental measurements of the RH and strain distributions 
taken through the thickness of composite slabs over time, aimed at investigating the 
influence of RCA on the shrinkage profiles. For this purpose, a total of seventeen slabs 
were prepared and monitored under shrinkage effects for a period of 210 days. 
Considered parameters included RCA replacement ratios (r) of 0%, 50% and 100%, slab 
depths (d) of 100 mm, 150 mm and 200 mm, and drying conditions of slab bottom 
surfaces (i.e. ES samples sealed with epoxy, EE sample exposed to air drying, and DW 
samples sealed by profiled sheeting). The experimental strain results were then used to 
further validate a numerical model capable of incorporating the effects of non-uniform 
shrinkage inside composite slabs, based on which the importance of considering the 
non-uniform shrinkage in the long-term deflection of RAC composite slabs has been 
highlighted. 
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 Experimental Programme 5.2
5.2.1 Overview 
The aim of this Chapter is to evaluate the influence of RCA on the non-uniform 
shrinkage distribution through the thickness of composite slabs. This non-uniform 
behaviour is induced by the presence of the steel sheeting which prevents moisture egress 
to occur from the underside of the slabs. For this purpose, seventeen small-scale slabs 
were prepared and monitored for a total period of 210 days. The deformation through the 
thickness of slabs due to nonlinear shrinkage effects was monitored over time, and the 
relative humidity (RH) through the slab depth was also collected in order to reveal the 
mechanism of the nonlinear shrinkage profiles in composite slabs. Separate tests were 
carried out to determine the instantaneous and long-term properties of the materials used 
in the experiments. 
5.2.2 Design parameters 
The slabs were grouped into three types according to the sealing conditions of the slab 
surfaces, as summarized in Table 5-1. In particular, the first slab type, referred to as ―ES‖ 
in the following, consisted of a solid concrete sample with top surface exposed to air 
drying and bottom surface sealed with epoxy. This was carried out to simulate the sealing 
condition provided by the profiled steel sheeting in composite slabs without introducing 
its restraint action. For comparison purposes, a second slab type, denoted as ―EE‖, was 
designed to be identical to that of ―ES‖ with the only difference that both top and bottom 
surfaces were exposed to air drying. The deformations observed in the ―ES‖ and ―EE‖ 
samples were induced by shrinkage effects and reflected the cases of a composite slab 
and a reinforced concrete slab, respectively. The remaining slab type (referred to as 
―DW‖), which was designed for benchmarking purposes, was cast on 1.2 mm 
DW-65-170-510 steel deck. The geometric properties of the DW-65-170-510 profiled 
sheeting are specified in Table 5-2, including the depth (dsd), the width (bsd), the thickness 
(tsd), the distance from the centroidal axis of the profiled steel sheeting to its underside 
(ysd), the cross-sectional area (Asd) and the second moment of area of the profiled steel 
sheeting (Isd). It is worth mentioning that the deformations measured in samples ES and 
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EE consisted of the total deformations produced by the nonlinear shrinkage effects, while 
the deformations exhibited by the DW slabs were induced by the nonlinear shrinkage and 
by the restraint provided by the steel decks. 
Table 5-1 Details of samples 
Specimen ID 
a
 r (%) 
Depth 
d (mm) 
Plan dimensions 
l×b (mm
2
) 
b
 
Exposed conditions of top 
and bottom slab surfaces 
ES-100-0% 0 100 
600×510 
Top exposed and bottom 
sealed with epoxy 
ES-100-100% 100 100 
ES-150-0% 0 150 
ES-150-50% 50 150 
ES-150-100% 100 150 
ES-200-0% 0 200 
ES-200-100% 100 200 
EE-100-0% 0 100 
600×510 Top and bottom exposed 
EE-100-100% 100 100 
EE-150-0% 0 150 
EE-150-50% 50 150 
EE-150-100% 100 150 
EE-200-0% 0 200 
EE-200-100% 100 200 
DW-100-100% 100 100 
600×510 
Top exposed and bottom 
sealed by DW-65-170-510 
steel deck 
DW-150-100% 100 150 
DW-200-100% 100 200 
 
a 
For all slabs, their four side faces were sealed with epoxy to eliminate the influence of plan sizes of 
slabs on the shrinkage behaviour. 
 
b 
l and b is the length and width of small-scale slabs, respectively. 
Table 5-2 Geometric properties of profiled steel sheeting 
Deck ID 
dsd 
a
 
(mm) 
bsd 
(mm) 
tsd 
(mm) 
ysd 
(mm) 
Asd 
(mm
2
) 
Isd 
(×10
5
 mm
4
) 
Decking profile 
DW-65-170-510 65 510 1.2 21 1200 7.75 
 
 
a
dsd, bsd, tsd, Asd, Isd is the depth, width, thickness, cross-sectional area and second moment of area of 
the profiled steel sheeting, respectivley. ysd is the distance from the centroidal axis of the profiled steel 
sheeting to its underside. 
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All seventeen slabs were of the same plan dimensions, with a length (l) of 600 mm and a 
width (b) of 510 mm (the width was designed to be identical to that of profiled steel 
sheeting). For each slab group (i.e. ―ES‖, ―EE‖ and ―DW‖), three slab depths of 100 mm, 
150 mm and 200 mm were used in the experiments because representative of thicknesses 
adopted in floor systems for both composite slabs and post-tensioned composite slabs. To 
investigate the influence of RCA on the development of non-uniform shrinkage 
distribution, three RCA replacement ratios (r) of 0%, 50% and 100% were selected for 
ES and EE slabs, while 100% replacement ratio (r) was specified for DW slabs. 
5.2.3 Preparation of the specimens 
The adopted testing setup in this study is listed in Figure 5-1. In particular, the samples 
were horizontally cast unreinforced and the timber formwork of slabs was removed at 
24 hours from casting, after which both four side edges of all slabs and the bottom 
surfaces of ES samples were covered with epoxy to reflect the continuity of a floor slab 
and the sealing condition provided by the profiled steel deck without introducing its 
restraining action. All the slabs were moist cured for 7 days, after which the long-term 
shrinkage was monitored over time. The slabs were placed vertically on four roller 
supports at 7 days from casting to eliminate any restraint due to friction between the 
specimen and the laboratory floor.  
 
 
Figure 5-1 Overview of the test arrangement Figure 5-2 Environmental conditions 
The long-term tests were conducted in the structural laboratory under relatively 
controlled environmental conditions (Figure 5-2). For the entire duration of the tests, 
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ambient temperature and relative humidity were measured regularly, and the mean 
temperature and relative humidity were 15.4℃ and 67%, respectively. 
5.2.4 Instrumentation layout 
The instrumentations for the deformation and relative humidity measurements selected in 
this study are summarised in Figure 5-3 and the adopted instrumentation arrangements 
are provided in Figure 5-4~5-5. In particular, Demec targets and PI transducer (PI-2-200, 
with a gauge span of 200 mm and a measure capacity of 2 mm) were installed to measure 
the deformation on both top and bottom surfaces, while deformations taking place within 
the thickness of the samples were monitored using embedded strain gauges. In the case of 
DW samples, the direction of the measurement systems, including Demec targets, PI 
transducers and embedded strain gauges, was identical to that of the steel rib of the 
profile deck to measure the deformations along the slab span. Two groups of RH sensors 
(HT31, with a measuring accuracy of 3% and a measuring range of 0%-100%) were 
embedded in ES and EE slabs to measure the three point RH values through slab depths. 
5.2.5 Material properties 
5.2.5.1 Concrete compositions 
ASTM I Portland cement (with a density of 3170 kg/m
3
) was used as binder for the 
concrete prepared for this study. The measured physical properties and chemical 
compositions of the cement are listed in Tables 5-3 and 5-4, respectively. 
Table 5-3 Physical properties of cement 
fct,f,3
 a
(MPa) fct,f,28
 a
 (MPa) fc,3
 b
 (MPa) fc,28
 b
 (MPa) Density (g/cm
3
) 
4.8 6.8 21.3 50.8 3.17 
a
 fct,f,3, fct,f,28 —Flexural tensile strengths of cement measured at 3 and 28 days, respectively. 
b 
fc,3, fc,28 —Compressive strengths of cement measured at 3 and 28 days, respectively. 
Table 5-4 Chemical composition of cement (%) 
SiO2 Al2O3 Fe2O3 CaO R2O SO3 MgO L.O.I
 a
 
21.14 5.47 3.96 62.28 0.95 2.6 1.7 1.6 
a 
L.O.I — Loss on ignition. 
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(a) Demec transducer (b) PI transducer (PI-2-200) 
 
 
(c) PMFL-60-2LT strain gauge (d) Relative humidity logger and sensor 
Figure 5-3 Instrumentations for deformation and RH measurements 
 
(a) Test setup 
  
(b) Locations of embedded strain gauges (c) Locations of RH loggers 
Figure 5-4 Locations of deformation and RH instrumentations (ES and EE slabs) 
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(a) Test setup 
 
 
(b) Locations of embedded strain gauges 
Figure 5-5 Locations of deformation instrumentations (DW slabs) 
River sand (0-5 mm) with a fineness modulus of 2.58 was selected as natural fine 
aggregate (NFA) and crushed andesite (5-25 mm) were used as NCA. The RCA with 
original virgin aggregate (OVA) of andesite was sourced from a real demolition project 
of a 20-year-old building whose concrete properties consisted of a water-to-cement (w/c) 
ratio of 0.45 and a cubic compressive strength (fcu,150) about 40 MPa. The demolished 
concrete underwent a two-stage crushing process as reported in Chapter 4. The particle 
size distribution of aggregates is reported in Table 5-5. For comparison purposes, similar 
coarse aggregate gradations were used for the preparation of the RAC and NAC 
specimens. Material properties measured in accordance with JGJ-52-2006 (MHURD, 
2006) during the experiments are also reported in Table 5-5, e.g. oven-dried density (D), 
saturated surface-dry density (Dssd), water absorption (ω) and index of crushing (Acv). 
Based on this, the adopted RCA was graded as Type-I RCA and complied with the 
requirements of Chinese code JGJ/T 240-2011 (MHURD, 2011). The residual mortar 
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content (CRM) of RCA was obtained by means of a thermal treatment method 
recommended by Domingo et al. (2010), and the CRM was 40.2%. 
Table 5-5 Properties of natural and recycled aggregates 
Properties Size of test sieve (mm) 
Cumulative passing by weight (%) 
NCA RCA NFA 
a
 
Sieve analysis 
26.5 100.0 100.0 — 
19.0 66.7 66.7 — 
16.0 50.0 50.0 — 
9.5 16.7 16.7 — 
4.75 0.3 0.4 — 
Oven-dried density (D) (kg/m
3
) 2777 2588 2623 
Saturated surface-dry density (Dssd) (kg/m
3
) 2792 2650 2714 
Water absorption (ω) (%) 0.55 2.40 3.40 
Residual mortar content (CRM) (%) — 40.2 — 
Texture of rocky matrix Andesite Andesite River sand 
Index of crushing (Acv) (%) 4.3 15.2 — 
a 
NFA stands for Natural Fine Aggregate. 
5.2.5.2 Concrete mixtures and fresh concrete property 
Three concrete mixtures were prepared in the laboratory, with their details provided in 
Table 5-6. Natural aggregate concrete (NAC) was produced with natural aggregates, 
while RCA was selected in substitution of 50% and 100% by weight of NCA for the 
productions of RAC50 and RAC100, respectively. The effective water-to-cement ratio, 
the sand ratio and the cement content were kept constant at 0.45, 0.36 and 400 kg/m
3
, 
respectively. The effective water-to-cement ratio of the recycled concrete mixtures was 
controlled by pre-soaking RCA in water for 24 hours and by draining it for about 1 hour 
before batching. A superplasticizer with a density of 1200 kg/m
3 
was used to achieve a 
sufficient workability for the fresh concrete mixtures. Slump tests were carried out to 
determine the consistency of fresh concrete and the slump values were in the same range 
of (165±25) mm for different concrete mixtures (Table 5-6). 
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Table 5-6 Mix proportion and slump value of concrete 
Mix designation r (%) 
Mix proportions (kg/m
3
) 
Slump test (mm) 
w
 a
 c NFA NCA RCA SP 
NAC 0 180 400 680 1208 0 4.0 170±20 
RAC50 50 180 400 650 578 578 4.0 160±20 
RAC100 100 180 400 620 0 1102 4.0 170±20 
a
 w, c is short for water and cement, respectively. NFA, NCA, RCA, SP represents natural fine 
aggregate, natural coarse aggregate, recycled coarse aggregate and superplasticizer, respectively. 
5.2.5.3 Mechanical properties of hardened concrete 
For each concrete mixture (i.e. NAC, RAC50 and RAC100), twelve 150 mm
3
 cubes, four 
150 mm×150 mm×300 mm prisms and four 100 mm×100 mm×400 mm prisms were cast. 
The 150 mm
3
 cubes (three identical samples for each test) were used to obtain the 
compressive and splitting tensile strengths; the 300 mm prisms (two identical samples for 
each test) were selected to measure the elastic modulus, while the 400 mm prisms (two 
identical samples for each test) were used to obtain the drying and autogenous shrinkage 
strains. It is worth mentioning that all the reductions in the mechanical properties of RAC 
(i.e. compressive strength, splitting tensile strength, elastic modulus, drying and 
autogenous shrinkage) were consistent with the observations reported in Chapter 3 and 4. 
The mechanical properties of all hardened concrete mixtures, e.g. cubic compressive 
strength (fcu), splitting tensile strength (fsts) and elastic modulus (Ec) were measured at 28 
and 90 days from casting, and the corresponding results are reported in Table 5-7. As 
expected, when the RCA r ratios increased from 0% to 100%, a decrease in the 
compressive strength was observed. The corresponding reductions in the 28 d 
compressive strength were 5.1% and 12.4% for concrete made with 50% and 100% of 
RCA, respectively, when compared to the NAC measurement. Despite this, the recycled 
concrete mixtures used in this study were still in the same strength class of the NAC 
mixture (i.e. concrete class of C30/35 as specified in GB50010 (MHRUD, 2010)). 
Greater reductions between RAC and NAC were obtained for other mechanical 
properties, e.g. splitting tensile strength and elastic modulus, when compared to that of 
the compressive strength (Table 5-7). 
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Table 5-7 Mechanical properties of NAC and RAC 
Mix designation 
Compressive strength fcu 
(MPa) 
Splitting tensile strength fsts 
(MPa) 
Elastic modulus Ec 
(GPa) 
28 d 90 d 28 d 90 d 28 d 90 d 
NAC 46.7 50.7 4.9 4.6 34.3 35.0 
RAC50 44.3 50.3 4.3 4.2 31.5 33.0 
RAC100 40.9 49.3 3.4 3.6 30.0 31.3 
The drying shrinkage was monitored after 28 days curing in water tanks, while the 
autogenous shrinkage was measured starting 1 day from concrete pouring. The shrinkage 
results are reported in Figure 5-6, and each plotted line is the average results of two 
samples. The drying shrinkage of concrete increased by the inclusion of RCA, with the 
increase of 19.9% and 36.2% for r ratios of 50% and 100%, respectively. The autogenous 
shrinkage of concrete decreased with increasing RCA contents, with the decreases of 
33.0% and 66.1% for r ratios of 50% and 100%, respectively. 
  
(a) Drying shrinkage (b) Autogenous shrinkage 
Figure 5-6 Results of shrinkage tests measured in concrete prisms 
5.2.5.4 Mechanical properties of steel deck 
The mechanical properties of the steel deck were obtained from standard tensile tests 
carried out in accordance with Chinese specifications GB/T 6397 (MHRUD, 2010). Yield 
strength, ultimate strength and elastic modulus of the profiled steel sheeting were 
440.3 MPa, 517.0 MPa and 199.7 GPa, respectively. 
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 Experimental Results and Discussions 5.3
Considering that the shrinkage is mainly correlated to the moisture loss inside the 
concrete, e.g. (Zhang et al., 2010), the measured relative humidity (RH) through the 
depth of slabs is reported in Appendix Ⅴ, and each RH result is the average value of two 
measurements. Clearly, the RH values kept decreasing during the whole test period, with 
a fairly rapid reduction rate for the first 168 days, followed by a stabilizing trend towards 
the end of the test, i.e. 210 days in this study. The measured strain deformations through 
the thickness of EE, ES and DW samples over time are represented in Appendix Ⅵ. Each 
result for the internal strains is the mean value of three measurements recorded using 
embedded strain gauges, while each measurement for the surface strain is the mean value 
of Demec gauges and PI transducers. These measurements described the total 
deformations which started at the completion of the curing period, i.e. at 7 days from 
casting. The strains in all specimens kept increasing during the test period, with most of 
the deformation (about 90% of the final deformation) occurred during the first 168 days. 
5.3.1 Nonlinear RH loss distributions 
The relative humidity (RH) loss through the thickness of the cross-section of EE and ES 
slabs at different instants in time is summarised in Figure 5-7 and Figure 5-8, respectively. 
It was worth mentioning that RH on the exposed surfaces of shrinkage samples was 
assumed to be identical to the environmental RH in this study. This was acceptable 
considering that the RH values instantaneously increased to more than 90% due to the 
moisture egress from wet concrete of seventeen samples, even though the small chamber 
had been tested to be under constant relative humidity for a few months before concrete 
casting. 
It is clear that nonlinear RH loss distributions through the slab thickness were observed 
for all the specimens, and the nonlinearity increased over time. Taking EE-100-0% for 
example (Figure 5-7 a), the RH loss was in the range of 22%-26% through the thickness 
of the slabs at the age of 68 days with the smaller value at the centre of the cross-section 
and with the larger value on the exposed surfaces, and these values increased to 32%-42% 
at the end of the tests (i.e. 210 days). This was probably caused by the fact that 
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autogenous shrinkage developed and was significant during the first two months of 
testing when there was a high environmental relative humidity, after that the influence of 
drying shrinkage started to increase near the exposed surfaces (i.e. both top and bottom 
surfaces for EE slabs), and thus larger RH losses were observed in the zones close to the 
exposed surfaces. In this manner, symmetrical RH loss distributions were obtained in EE 
slabs due to the symmetry of the sealing condition on the top and bottom surfaces (Figure 
5-7). However, non-symmetrical RH loss profiles were observed in the ES slabs, as the 
bottom surfaces of the ES slabs were sealed with epoxy. Taking ES-100-0% for example 
(Figure 5-8 a), the maximum RH loss at the one-fourth point from the bottom surface 
was 32.5% at the end of the tests, which was only 77.4% of the value on the top surface 
(i.e. 42%). This observation highlighted the different RH loss distributions between EE 
slabs and ES slabs, which could cause different strain profiles in EE and ES slabs. 
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(c) EE-150-0% (d) EE-150-50% 
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(e) EE-150-100% (f) EE-200-0% 
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(g) EE-200-100% 
Figure 5-7 Relative humidity measured through the depth of EE samples 
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(a) ES-100-0% (b) ES-100-100% 
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(c) ES-150-0% (d) ES-150-50% 
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(e) ES-150-100% (f) ES-200-0% 
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(g) ES-200-100% 
Figure 5-8 Relative humidity measured through the depth of ES samples 
The RH loss inside concrete slabs decreased with increasing slab depths for each slab 
type (i.e. EE and ES slabs), independently of RCA r ratios. Taking EE slabs for example 
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(Figure 5-9), the RH loss at the mid-depth of the NAC slab with a thickness of 100 mm 
was 31.9% at the end of the test, and this value decreased to 30.9% and 29.8% for 
150 mm and 200 mm slabs, respectively. This is mainly caused by the fact that the 
moisture egress was easier to occur from thinner slabs when compared to thicker slabs. 
  
(a) r =0% (b) r =100% 
Figure 5-9 Influence of slab depths on RH loss at the mid-depth of EE slabs 
It was also worth mentioning that smaller RH loss was observed in RAC slabs when 
compared to that of NAC slabs, despite slight variation obtained in the RH measurements. 
For instance, the RH loss at the centre of the EE slab with a depth of 150mm was 30.8% 
when only NCA was used, and this value decreased to 28.8% and 26.8% for r ratios of 50% 
and 100%, respectively (Figure 5-10). This is probably due to the fact that additional 
water was incorporated into RAC by the saturated RCA, and therefore more water 
content was observed in resulting RAC. 
   
(a) d=100mm (b) d=150mm (c) d=200mm 
Figure 5-10 Influence of RCA on RH loss at the mid-depth of EE slabs 
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5.3.2 Long-term strain measurements 
5.3.2.1 Influence of sealing conditions of slab surfaces 
The strain profiles measured through the depths of EE, ES and DW samples at typical 
instants in time are presented in Figures 5-11~5-13. These measurements describe total 
deformations which started at the completion of the curing period, i.e. at 7 days from 
casting. The main experimental results at the test period of 210 days are also summarised 
in Table 5-8. Tabulated values included the top surface deformation of the slabs εsh,top, the 
bottom surface strain of the slabs εsh,btm, the corresponding ratios of εsh,btm/εsh,top, and the 
ratios of top (bottom) surface deformations obtained from ES samples to that of the 
reference EE samples. It should be noted that the positive and negative values means 
tension and compression deformation, respectively. 
Table 5-8 Summary of the experimental observations at 210 days 
Specimen ID 
Slab depth 
d (mm) 
h0 
a 
(mm) 
εsh,top 
b
 
(10
-6
) 
εsh,btm 
c
 
(10
-6
) 
εsh,btm/εsh,top 
εsh,top_ES / εsh,top_EE 
(εsh,btm_ES / εsh,btm_EE) 
ES-100-0% 100 200 -316 -39 0.12 1.22(0.15) 
ES-100-100% 100 200 -466 48 -0.21 1.11(-0.24) 
ES-150-0% 150 300 -296 -90 0.30 1.28(0.38) 
ES-150-50% 150 300 -351 48 -0.14 1.29(-0.18) 
ES-150-100% 150 300 -410 21 -0.05 1.26(-0.06) 
ES-200-0% 200 400 -236 -40 0.17 1.37(0.23) 
ES-200-100% 200 400 -284 77 -0.27 1.36(-0.37) 
EE-100-0% 100 100 -256 -260 1.02 
—— 
EE-100-100% 100 100 -385 -420 1.09 
EE-150-0% 150 150 -247 -219 0.89 
EE-150-50% 150 150 -230 -254 1.11 
EE-150-100% 150 150 -284 -305 1.07 
EE-200-0% 200 200 -162 -166 1.02 
EE-200-100% 200 200 -185 -185 1.00 
DW-100-100% 100 200 -459 33 -0.07 1.09(-0.08) 
DW-150-100% 150 300 -388 32 -0.08 1.19(-0.09) 
DW-200-100% 200 400 -310 33 -0.11 1.48(-0.16) 
a 
h0 is defined as twice the ratio between the cross-sectional area and the perimeter exposed to 
drying in accordance with EC2 (BSI, 2004). 
b 
εsh,top is the deformation measured on the top surface of slabs. 
c 
εsh,btm is the deformation measured on the bottom surface of slabs. 
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(c) EE-150-0% (d) EE-150-50% 
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(e) EE-150-100% (f) EE-200-0% 
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(g) EE-200-100% 
Figure 5-11 Total deformations measured through the depths of EE samples 
-0 -200 -400 -600 -800
0
25
50
75
100
H
ig
h
t(
m
m
)
Total deformations (με)
 7days
 14days
 21days
 28days
 42days
 56days
 84days
 112days
 143days
 210days
 
-0 -200 -400 -600 -800
0
25
50
75
100
H
ig
h
t(
m
m
)
Total deformations (με)
 7days
 14days
 21days
 28days
 42days
 56days
 84days
 112days
 143days
 210days
 
(a) ES-100-0% (b) ES-100-100% 
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(c) ES-150-0% (d) ES-150-50% 
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(e) ES-150-100% (f) ES-200-0% 
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(g) ES-200-100% 
Figure 5-12 Total deformations measured through the depths of ES samples 
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(a) DW-100-100% (b) DW-150-100% 
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(c) DW-200-100% 
Figure 5-13 Total deformations measured through the depths of DW samples 
For EE slabs with both top and bottom surfaces exposed to air drying, uniform strain 
distributions were observed (Figure 5-11), irrespectively of slab depths (d) and RCA r 
ratios.  However, ES samples exhibited different strain readings at different levels of 
the cross-section, with the largest deformation taking place on the top (exposed) surface, 
as illustrated in Figure 5-12. For slabs with the same concrete material and the same 
depth, the total deformation on the top (exposed) surface of the ES slabs was 22%-37% 
greater than that measured in the EE slabs, while the reading measured on the bottom 
(sealed) surface of the ES samples was 62%-85% smaller than the uniform strain value in 
the EE slabs (Table 5-8). 
The evolution of the top surface deformations depends on the cross-sectional shape and 
current shrinkage models, e.g. EC2 (BSI, 2004), express this dependence through the 
notional size h0, which is defined as twice the ratio between the cross-sectional area and 
the perimeter exposed to drying. Figure 5-14 reports the comparisons results of the top 
surface strains (εsh,top) of 100 mm ES and 200 mm EE slabs, both of which had the same 
h0 values of 200 mm. The top surface strains (εsh,top) of 100 mm ES slabs were 
83.7%-123.0% higher than those of 200 mm EE slabs. This is because strain gradient 
occurred through the slab thickness due to the inability of the slabs to dry from their 
underside. The variations in the shrinkage results indicate the need for further research 
aiming to predict the non-uniform strain profiles. 
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Figure 5-14 Comparisons of top surface deformation between EE and ES slabs with h0=200mm 
The measurements collected from the DW slabs, also described a pronounced 
non-uniform strain profile occurring through the thickness of slabs, as shown in Figure 
5-13. This deformation trend obtained from DW samples was similar to the one observed 
in the ES samples, with the difference in the top surface strains of 1.5%, 5.4% and 9.1%, 
for slab depths (d) of 100 mm, 150 mm and 200 mm, respectively (Table 5-8). The 
variations in the strain readings were mainly due to the restraint action of the profiled 
steel sheeting.  
5.3.2.2 Mechanisms of linear strain profiles 
The different strain profiles between EE and ES slabs could be explained by the different 
RH distributions as reported in Figure 5-7 and Figure 5-8. It is commonly acceptable that 
the shrinkage distribution in reinforced concrete slabs exposed on both surfaces is 
constant over the slab thickness even if a nonlinear RH distribution occurs within the slab 
(Figure 5-7), with a consequent nonlinear free shrinkage profile free
sh  (Figure 5-15 a), 
e.g. Gao et al. (2009, 2010), Zhang et al. (2010), Gilbert and Ranzi (2011). Similar 
assumption of linear shrinkage profile is here introduced when considering the behaviour 
of slabs exposed on one face and sealed on its opposite face, later validated when 
comparing numerical values and experimental measurements. In reality in this case the 
RH distribution (Figure 5-8) and associated shrinkage profile are also nonlinear. 
Particularly, for ES slabs in this study (i.e. under free conditions without external 
loading), Eq. (5-1) and Eq. (5-2) could be obtained by means of the equilibrium of 
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internal force and the compatibility of deformation, accounting for nonlinear free 
shrinkage ( free
sh ) and resulting measured strain ( sh ). d and b is the depth and width of the 
concrete solid slabs, respectively, Ec is the elastic modulus of concrete, y is the distance 
from the reference axis. 
 freec sh sh
0
( )- ( ) d 0
d
E y y b y      ( 5-1 ) 
 freec sh sh
0
( )- ( ) d 0
d
E y y b y y       
( 5-2 ) 
  
(a) EE slabs (b) ES slabs 
Note: sh,top  and sh,btm is the measured top and bottom surface deformation, respectively, while 
free
sh,top  and 
free
sh,btm  is the top and bottom surface free shrinkages, respectively. 
Figure 5-15 Nonlinear and linear strain profiles in EE and ES slabs 
It is worth mentioning that the bottom surface strains ( sh,btm ) of ES slabs could present 
positive values due to the inclusion of RCA, leading to negative sh,btm / sh,top  ratios. In 
particular, when 100% of RCA was introduced, the sh,btm / sh,top  ratios varied between 
-0.06 and -0.37 in this study (Table 5-8). This can be explained by the measured RH loss 
distributions. As shown in Figure 5-8, the RH values on the bottom (sealed) surface of all 
ES slabs were similar and were probably larger than 75% and 80% for NAC and RAC, 
respectively, which means the bottom surface strain in the free shrinkage profiles (
free
sh,btm ) 
was mainly composed of autogenous shrinkage. Besides, the top surface strain (
free
sh,top ) 
was the combined deformation of drying and autogenous shrinkages, as it located near to 
free
sh,top
y
O
sh
sh,top
free
sh,btm
sh,btm
Free shrinkage 
distributions
Measured strain
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sh
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Free shrinkage 
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the chamber environments. Because smaller bottom surface strain and larger top surface 
strain were observed in RAC slabs when compared to those of the NAC samples, positive 
deformations could be obtained on the bottom surfaces of RAC samples under nonlinear 
shrinkage effects.
 
Based on above observations, the measured strain profiles were expressed as a function 
of two parameters, as illustrated in Figure 5-16, i.e. the deformation on the top surface 
(εsh,top) and the strain gradient through the slab depth (κsg). In this context, the influence 
of RCA on εsh,top and the influence of RCA on κsg are investigated and reported in Section 
5.3.2.3. 
  
(a) Typical composite slab cross-section (b) Non-uniform strain profiles 
Figure 5-16 Deformation profiles in composite slabs 
5.3.2.3 Influence of RCA on the strain profiles  
Figure 5-17 reports the influence of RCA r ratios on the top surface deformation εsh,top of 
ES and EE slabs with different thicknesses. As expected, the εsh,top measured in thinner 
slabs was larger than that obtained from thicker samples for each slab type. Taking EE 
samples made with NCA for example, the uniform strain obtained in EE-100-0% was 
-260×10
-6 
at the age of 210 days, which was 12.6% and 55.1% larger than those observed 
in 150 mm and 200 mm thick slabs, respectively. This can be explained by the variation 
of notional size h0, which represents an effective thickness of the concrete and slabs with 
smaller h0 values present larger surface deformations (εsh,top). 
1
κsg 
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(a) EE samples (b) ES samples 
Figure 5-17 Influence of RCA on the top surface deformation (εsh,top) 
The εsh,top increased with increasing r ratios, irrespectively of slab types. Taking slab 
depth of 100 mm for example, 47.5%-61.5% increases were observed in both EE and ES 
slabs for RCA r ratio of 100%, when compared to that of NAC slabs. Besides, the strain 
amplifiction factor (κsh, defined as the ratio of εsh,top in RAC slabs to that of NAC slabs) 
was influenced by the slab depths (d), with thicker slabs leading to smaller κsh values for 
both EE and ES slabs (Figure 5-18). Taking EE slabs for example, the κsh was 1.62 when 
100% of RCA was selected in the 100 mm slabs, and this value decreased to 1.41 for 
150 mm slabs and to 1.22 for 200 mm slabs, as shown in Figure 5-18 a. This was because 
that the measured εsh,top was composed of drying shrinkage and autogenous shrinkage. 
The drying shrinkage decreased with increasing slab depths, while the autogenous 
shrinkage remained the same in slabs with different depths. It is worth mentioning that 
the κsh values in both EE and ES slabs could be reasonably estimated by means of the 
shrinkage model proposed in Chapter 3, with the maximum difference of 8.7%. 
Figure 5-19 shows how the strain gradient (κsg=-(εsh,top-εsh,btm)/d ) changes with RCA r 
ratios for different slab depths (d). As expected, the strain gradient κsg was significantly 
increased by the inclusion of RCA. When 100% of RCA was introduced to ES slabs, the 
measured κsg was 1.94, 2.09 and 1.81 times larger than that of reference NAC slabs for 
slab depths (d) of 100 mm, 150 mm and 200 mm, respectively. This was mainly caused 
by the observations that larger drying shrinkage but smaller autogenous shrinkage could 
observe in RAC slabs when compared to reference NAC slabs, in which case larger top 
surface strain but smaller bottom surface strain would occur in RAC ES slabs. 
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(a) EE samples, r=100% (b) ES samples, r=100% 
Figure 5-18 strain amplification factor (κsh) of slabs 
 
Figure 5-19 Influence of r ratio on strain gradient (κsg) 
 Numerical Simulation 5.4
The occurrence of non-uniform shrinkage is caused by the presence of the steel sheeting 
on the underside of the composite slabs. The applicability of a numerical model 
previously introduced to predict the service response of NAC composite slabs was 
extended to account for the inclusion of RCA in composite slabs. 
5.4.1 Numerical models 
5.4.1.1 Assumption 
The assumption of Euler-Bernoulli beam theory is adopted in the numerical model in 
which plane sections remain plane and perpendicular to the beam axis before and after 
1.62 
1.41 
1.22 
0.00
0.50
1.00
1.50
2.00
100 150 200
κ
sh
 
Slab depth d (mm) 
Test results
Predicted results
1.47 
1.39 
1.20 
0.00
0.50
1.00
1.50
2.00
100 150 200
κ
sh
 
Slab depth d (mm) 
Test results
Predicted results
0.0
2.0
4.0
6.0
0 25 50 75 100
κ s
g 
 (
1
0
-6
) 
 
RCA  r ratio (%) 
d=100mm
d=150mm
d=200mm
 
 
d 200  
Chapter 5 Non-uniform shrinkage in composite steel-concrete slabs prepared with RCA 
 -152- 
deformation. No slip is assumed to occur at the interface between the steel sheeting and 
the concrete slab, which is regarded as acceptable for composite slab under service 
condition. The steel of profiled steel sheeting is assumed to behave in a linear-elastic 
fashion in this study, and this is commonly acceptable for the numerical simulations of 
composite slabs conducted at service condition. 
5.4.1.2 Material properties 
The time-dependent behaviour of concrete material is modelled by means of the 
Age-adjusted Effective Modulus Method (AEMM) procedure, which requires the 
subdivision of the time domain t into discrete times tj (i.e. t0, t1,… tj,… tk with j = 1,…, k). 
With this discretization the concrete time-dependent behaviour can be modelled 
accounting for the creep and shrinkage effects using equation (5-3): 
, c,k sh, e, ,0 ,0( ) F     c k ke ckE
 
(5-3) 
where k is the time tk calculated from the beginning of the test and 0 is the first time of 
loading t0. ζc,k and ζc,0 is the concrete stress calculated at time tk and t0, respectively. εc,k is 
the total strain which combines both stress-dependent and stress-independent strains, and 
εsh,k is the shrinkage strain at time tk. Ee,k
̅̅ ̅̅̅ is effective elastic modulus at time tk, and Fe,0
̅̅ ̅̅ ̅ 
is the age-adjusted creep factor calculated by the creep coefficient θ (tk, t0) and aging 
efficient χ (tk, t0). 
The assumption of linear creep is assumed to be valid for stress levels less than 50% of 
its ultimate strength in both compression and tension, and this simplification is regarded 
as acceptable for composite slabs under service conditions. The linear shrinkage profile is 
described by means of the strain on the top surface of composite slab εsh,top,k and the 
shrinkage gradient κsg,k as follows: 
sh, sh,top, t sg,    k k ky  (5-4) 
where yt depicts the location from the top surface of the composite slabs. 
In the numerical simulation, the creep properties of the recycled concrete have been 
calculated combining the recommendations of EC2 model with the amplification 
‗residual mortar factors‘ proposed by Fathifazl et al.(2011), as reported in equation (5-5): 
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1.33
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    
  
 
r C V
V
 (5-5) 
where θRAC and θNAC define the creep coefficients of the recycled and natural concrete, 
respectively, CRM is residual mortar content, 
RAC
CAV  is the volume fraction of coarse 
aggregates in recycled concrete. 
5.4.1.3 Theoretical models 
The cross-sectional analysis was conducted to determine stresses and strains taking place 
over time and accounting the time-dependent behaviour of concrete material. The 
governing system is expressed in terms of two unknowns, which consist of the strain 
measured at the level of the reference axis and of the curvature. These two unknowns are 
then determined based on equilibrium considerations enforcing horizontal and rational 
equilibrium at the cross-section as: 
i e r r 0  (5-6) 
where ri collects the internal cross-sectional resultants, while re represents the set of 
external loading. 
 
 
 
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, d
, d
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A
t y A
N t
M t y t y A
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
 
  
    
   
 


r  (5-7) 
in which Ni(t) and Mi(t) represents the internal axial force and moment at time t , 
respectively, A is the total area of the cross section. 
Based on the adopted material properties and equilibrium considerations, the strain 
diagram of a generic cross-section calculated at time tk, can be obtained from: 
,=  sh crε F r f fk k e k( ) (5-8) 
,
,

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where Fk depicts the material and geometric properties of the cross-section, re,k 
represents the set of external loading at time tk, while fsh and fcr account for shrinkage and 
creep effects, respectively. It is worth mentioning that linear shrinkage profiles were 
selected when calculating fsh. RAc,k, RBc,k and RIc,k collects the information of the area, 
first and second moment of area of the concrete component, respectively; RA,k, RB,k and 
RI,k collects the information of the area, first and second moment of area of the whole 
cross-section (i.e. concrete and steel), respectively. 
5.4.2 Validation of numerical model 
These numerical results by considering strain gradient measured from ES samples for the 
predictions of the top and bottom surface deformations of DW samples are reported in 
Figure 5-20, referred to as ―Sh Grad‖. Clearly, the use of non-uniform strain profiles 
provided perfect predictions for both top (exposed) and bottom (sealed) surface strains in 
DW samples, and the errors between experimental results and predicted values were all 
within 10.0% for the whole test period of 210 days. 
5.4.3 Comparisons of the influence between non-uniform and uniform strain 
profiles on composite slabs curvatures 
For comparison purposes, the influence of constant strain distribution obtained from EE 
slabs on the top and bottom surface deformations of DW samples is also included in the 
calculations and labelled as ―Const Sh‖ in Figure 5-20. Clearly, the consideration of 
constant shrinkage significantly overestimated the bottom surface strains, while 
underestimated the top surface deformations. For example, the error between the test and 
numerical values of εsh,top in ―Const Sh‖ case was 1.7%, 19.1% and 31.6% for 
DW-100-100%, DW-150-100% and DW-200-100%, respectively. In this manner, the slab 
curvatures caused by shrinkage effects in composite slabs were significantly 
underestimated by means of ―Const Sh‖.  
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(a) DW-100-100% (b) DW-150-100% 
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(c) DW-200-100% 
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Figure 5-20 Comparisons between measured and predicted shrinkage 
Figure 5-21 reports the comparison results of between numerical and experimental slab 
curvature (κsg), and considering parameters included the influence of ―Const Sh‖ and that 
of ―Sh Grad‖. In particular, by means of using non-uniform shrinkage profiles, the error 
between the numerical and experimental κsg is 2.9%, 1.2% and 0.4% for 100 mm, 
150 mm, and 200 mm DW slabs, respectively, while only 48.3%, 37.2%, and 28.0% of 
the measurements was predicted when adopting uniform shrinkage, respectively. 
Considering that the slab curvatures are directly related to the long-term deflection of 
composite slabs, the comparisons between experimental and numerical slab curvatures 
confirmed the need to use non-uniform shrinkage to capture the curvature development 
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observed experimentally in the RAC composite slabs. Current use of a constant shrinkage 
distribution to account for shrinkage effects in RAC composite slabs was significantly 
non-conservative. 
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Figure 5-21 Comparisons between numerical and experimental shrinkage curvatures 
5.4.4 Influence of RCA on composite slabs curvatures 
The curvatures are directly related to the deflection of slabs, e.g. Ranzi et al. (2013). 
Figure 5-22 shows the influence of RCA r ratios on the curvatures for DW composite 
slabs with different depths, i.e. d=100 mm, 150 mm and 200 mm and the measurements 
from ES slabs were selected in the numerical model. Due to the great variation in the ES 
slabs with RCA r ratio of 50% in this study, only the comparisons results on slab with 
RCA r ratio of 0% and 100% were provided. 
The University of Sydney 
 
 -157- 
0 28 56 84 112 140 168 196 224
0
1
2
3
4
5
6
 r =0% 
 r =100%   
S
la
b
 c
u
rv
a
tu
re
 
s
g
  
(1
0
-6
)
Time (days)  
0 28 56 84 112 140 168 196 224
0
1
2
3
4
 r =0% 
 r =100%   
S
la
b
 c
u
rv
a
tu
re
 
s
g
  
(1
0
-6
)
Time (days)  
(a) d=100 mm (b) d=150 mm 
0 28 56 84 112 140 168 196 224
0.0
0.5
1.0
1.5
2.0
 r =0% 
 r =100%   
S
la
b
 c
u
rv
a
tu
re
 
s
g
  
(1
0
-6
)
Time (days)  
(c) d=200 mm 
Figure 5-22 Comparisons between numerical and experimental shrinkage curvature 
Clearly, the inclusion of RCA increased the composite slab curvature significantly. 
Taking DW slab with a depth of 100 mm for example, the RAC slabs with r=100% 
presented an increase of 53.2% in the 210 d curvature when compared to that with 
reference NAC slabs. Similar observations were obtained in the cases of d=150 mm and 
d=200 mm, and increases of 66.4% and 52.2% in the 210 d slab curvature were observed 
for r ratio of 100%, respectively. It is worth mentioning that similar curvature was 
obtained by using RCA r ratio of 0% and 100% for the first 56 d from concrete casting 
for DW composite slabs with depth of 100 mm and 150 mm, and this is mainly caused by 
the fact that similar shrinkage profiles were observed in corresponding ES slabs during 
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the time period. The above investigations highlighted the significant influence of RCA r 
ratios on the composite slab curvatures without external loading, and further research 
efforts are still needed to be devoted to the long-term behaviour of full-scale composite 
slabs. 
5.4.5 Simplified approach for the estimation of non-uniform shrinkage 
In real design situations, the non-uniform shrinkage distribution to be used for a 
composite slab is not readily available from codes and guidelines. For this purpose, a 
simplified approach based on a linear varying shrinkage distribution is proposed in the 
following (as shown in Figure 5-16 b), which uses the constant shrinkage suitable for 
conventional reinforced concrete slabs as reference. The latter value is readily available 
from design guidelines or can be measured experimentally, either from shrinkage prisms 
or from EE slabs. As recommended by Al-deen and Ranzi (2015), 1.2 times and 0.2 times 
of the EE slabs measurements were specified to the top and bottom surface deformation 
for the routine design of NAC composite slabs. Combining the experimental observations 
reported in Section 5.3.2, Eq. (5-13)~(5-14) were proposed to account for the influence 
of RCA r ratios on the long-term curvatures for RAC composite slabs. 
sh.top sh,const1.2    (5-13) 
sh.btm sh.top
1 1
( )
6 4
    r  (5-14) 
Table 5-9 reported the comparison results between the measured long-term curvatures 
and predicted results by using ES measurements and by using simplified approach for 
DW composite slabs, and the measured deformation from EE slabs were selected as 
reference in the simplified approach. Clearly, the measured long-term curvatures for 
RAC DW slabs were well predicted by means of using Eq. (5-13)-(5-14), with the 
maximum difference of 6.5% between experimental and predicted results over the whole 
durations. 
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Table 5-9 Comparisons between experimental and predicted slab curvatures at 210 days 
Specimens ID 
Experimental results  
sg,exp (10
-6
) 
Numerical results   
sg,ES
sg,exp


 
sg,SA
sg,ES


 
sg,ES  (10
-6
) 
sg,SA  (10
-6
)  
DW-100-0% —— 3.25 2.91  —— 0.895 
DW-150-0% —— 1.67 1.67  —— 1.000 
DW-200-0% —— 1.12 0.97  —— 0.866 
DW-100-100% 4.91 4.98 5.03  1.014 1.010 
DW-150-100% 2.80 2.71 2.62  0.968 0.967 
DW-200-100% 1.71 1.70 1.59  0.994 0.935 
Note: 
sg,ES and sg,SA are the numerical results by using ES measurements and using simplified 
approach, respectively. 
 Conclusions 5.5
This paper presented the results of experimental measurements of the relative humidity 
and strain distributions through the thickness of composite slabs, aimed at investigating 
the influence of RCA on the shrinkage profile and its resulting effects on the 
time-dependent behaviour of such slabs. For this purpose, a total of 17 slabs were 
prepared and monitored under shrinkage effects for a period of 210 days. Based on the 
results of this experimental investigation, the following conclusions can be drawn: 
(1) The presence of the profiled steel sheeting prevented moisture egress from the 
underside of the slabs, thus producing an approximately linear strain profile 
through the depth of the slabs. The non-uniform strain distribution in composite 
slabs could be expressed as a function of the top surface strain (εsh,top) and strain 
gradient (κsg) for their routine design. Compared to NAC slabs, 20.0%-61.5% 
increases in the εsh,top and 81.0%-109.0% increases in the κsg were observed for 
RAC slabs with 100% of RCA. 
(2) A theoretical model was established to account for the influence of non-uniform 
shrinkage in RAC composite slabs by means of cross-sectional analysis. The 
numerical results highlighted the importance of including the influence of 
non-uniform shrinkage profile in the long-term deflection of RAC composite slabs. 
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The measured slab curvatures, which linearly reflected the slab deflections, were 
underestimated by 51.7%-72.0% by adopting uniform shrinkage for RAC 
composite slabs. 
(3) This study highlighted the significant influence of RCA r ratios on the composite 
slab curvatures over time. Increases of 52.2%-66.4% were obtained in the RAC 
composite slabs cast on DW steel decks with r ratio of 100% when compared to 
NAC composite slabs. Further research efforts should be devoted to the long-term 
behaviour of full-scale composite slabs prepared with RCA. 
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CHAPTER 6 Long-term Behaviour of 
Simply-supported Composite Steel-concrete Slabs with 
RCA 
 Introduction 6.1
Composite steel-concrete slabs are a popular form of construction which consists of a 
solid slab cast on thin-walled steel sheeting. Recent research showed that the short-term 
behaviours of RAC composite slabs are similar to the ones exhibited by NAC members 
(e.g. Xiao et al., 2011; Zhang et al., 2013; Cao et al. 2014), in which context, introducing 
RCA into composite slabs provides a potential solution to extend the structural 
applications of RAC. Only limited work has been carried out to date on the service 
response of composite slabs. Further studies are required to provide guidance for the 
service behaviour of RAC composite slabs, particularly considering the RAC has higher 
shrinkage and creep deformations than that of NAC. 
In this context, this paper presents an experimental program and theoretical analysis on 
the long-term behaviour of composite slabs prepared with RAC. The test program 
consisted of (1) three full-scale slabs cast on steel-bars truss decks with RCA replacement 
ratios (r) of 0%, 50% and 100%; and (2) four full-scale composite samples cast on 
profiled steel decks with selected RCA r ratio of 100%. Three steel-bars truss slabs and 
two composite slabs were subjected to combined effects of sustained loads and shrinkage, 
while the other two composite slabs were unloaded companion samples. All specimens 
were measured in a simply-supported static configuration for a total period of 268 days. 
A nonlinear numerical model was developed to account for the time-dependent behaviour 
of composite slabs by including the effects of non-uniform shrinkage, creep and concrete 
cracking, and was validated against the test results. A parametric study was then carried 
out to evaluate the influence of time effects on the long-term deflections of RAC 
composite slabs. A design approach to be used for routine design of RAC composite slabs 
was proposed and validated through a comparison between calculated values and 
experimental measurements. 
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 Experimental Programme 6.2
6.2.1 Material 
6.2.1.1 Cement 
ASTM I Portland cement (with a density of 3170 kg/m
3
) was used as binder for the 
concrete prepared for this study. The measured physical properties and chemical 
compositions of the cement are listed in Table 6-1 and Table 6-2, respectively. 
Table 6-1 Physical properties of cement 
fct,f,3
 a
(MPa) fct,f,28
 a
 (MPa) fc,3
 b
 (MPa) fc,28
 b
 (MPa) Density (g/cm
3
) 
4.8 6.8 21.3 50.8 3.17 
a
 fct,f,3, fct,f,28 —Flexural tensile strengths of cement measured at 3 and 28 days, respectively. 
b 
fc,3, fc,28 —Compressive strengths of cement measured at 3 and 28 days, respectively. 
Table 6-2 Chemical composition of cement (%) 
SiO2 Al2O3 Fe2O3 CaO R2O SO3 MgO L.O.I
 a
 
21.14 5.47 3.96 62.28 0.95 2.6 1.7 1.6 
a 
L.O.I — Loss on ignition. 
6.2.1.2 Aggregates 
River sand (0-5 mm) with a fineness modulus of 2.58 and andesite (5-25 mm) were used 
as natural aggregates. The RCA was sourced from a real demolition project of a 
19-year-old building whose concrete properties consisted of a water-to-cement ratio of 
0.45 and a cubic compressive strength of about 40 MPa. The demolished concrete 
underwent a two-stage crushing process as that reported in Chapter 4. The particle size 
distribution of aggregates is reported in Table 6-3. For comparison purposes, similar 
coarse aggregate gradations were used for the preparation of the RAC and NAC 
specimens. Material properties measured in accordance with JGJ-52-2006 (MHURD, 
2006) during the experiments are also reported in Table 6-3, e.g. oven-dried density (D), 
saturated surface-dry density (Dssd), water absorption (ω) and index of crushing (Acv). 
Based on this, the adopted RCA was graded as Type-I RCA and complied with the 
requirements of Chinese code JGJ/T 240-2011 (MHURD, 2011). The residual mortar 
content (CRM) of RCA was obtained by means of a thermal treatment method 
recommended by Domingo et al. (2010), and the CRM was estimated to be 40.2%. 
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Table 6-3 Properties of natural and recycled aggregates 
Properties Size of test sieve (mm) 
Cumulative passing by weight (%) 
NCA RCA NFA 
a
 
Sieve analysis 
26.5 100.0 100.0 — 
19.0 66.7 66.7 — 
16.0 50.0 50.0 — 
9.0 16.7 16.7 — 
4.75 0.3 0.4 — 
Oven-dried density (D) (kg/m
3
) 2777 2588 2623 
Saturated surface-dry density (Dssd) (kg/m
3
) 2792 2650 2714 
Water absorption (ω) (%) 0.55 2.40 3.40 
Residual mortar content (CRM) (%) — 40.2 — 
Texture of rocky matrix Andesite River sand 
Index of crushing (Acv) (%) 4.3 15.2 — 
a 
NFA stands for Natural Fine Aggregate. 
6.2.2 Concrete mixtures and fresh concrete property 
Three concrete mixtures were prepared in the laboratory, with their details provided in 
Table 6-4. Natural concrete (NAC) was produced with natural aggregates, while RCA 
was selected in substitution of 50% and 100% by weight of NCA for the productions of 
RAC50 and RAC100, respectively. The effective water-to-cement ratio, the sand ratio 
and the cement content were kept constant at 0.45, 0.36 and 400 kg/m
3
, respectively.  
Table 6-4 Concrete mixture design and slump test results 
Mix designation r (%) 
Mix proportions (kg/m
3
) 
Slump test (mm) 
w 
a
 c NFA NCA RCA Superplasticizer 
NAC  0 180 400 680 1208 0 4.0 170±20 
RAC50  50 180 400 650 578 578 4.0 160±20 
RAC100 100 180 400 620 0 1102 4.0 170±20 
a
 w, c is short for water and cement, respectively. NFA, NCA, RCA, SP represents natural fine 
aggregate, natural coarse aggregate, recycled coarse aggregate and superplasticizer, respectively. 
The effective water-to-cement ratio of the recycled concrete mixtures was controlled by 
pre-soaking the RCA in water for 24 hours and by draining it for about 1 hour before 
batching. A superplasticizer with a density of 1200 kg/m
3
 was used to achieve a sufficient 
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workability for the fresh concrete mixtures. Slump tests were carried out and slump 
values ranged between 140 and 190 mm for different concrete mixtures. 
6.2.3 Mechanical properties of hardened concrete 
The mechanical behaviours of hardened concrete are reported in Table 6-5, and each 
presented value is the average of three measurements. As expected, when the RCA 
replacement levels increased from 0% to 100%, a decrease in the compressive strength 
was observed. The corresponding reductions in the 28 d compressive strength were 2.4% 
and 11.2% for concrete made with 50% and 100% of RCA, respectively, when compared 
to the NAC measurement. Despite this, the design compressive strength of concrete 
mixtures used in this study was in the same strength class of the NAC mixture (i.e. 
concrete class C30/35 as specified in GB50010 (MHRUD, 2010)). It is worth mentioning 
that greater reductions between RAC and NAC were obtained for other mechanical 
properties, e.g. splitting tensile strength and elastic modulus, when compared to that of 
the compressive strength (Table 6-5). The corresponding reductions in the splitting 
tensile strength and elastic modulus of recycled concrete were consistent with those 
available in the literature, e.g. Silva et al., (2015) and Silva et al., (2016). 
Table 6-5 Mechanical properties of hardened concrete 
Mix 
designation 
Compressive strength fcu 
(MPa) 
Splitting tensile strength fsts 
(MPa) 
Elastic modulus Ec 
(GPa) 
7 d 28 d 90 d 7 d 28 d 90 d 7 d 28 d 90 d 
NAC 33.2 40.9 45.9 4.3 4.9 4.6 31.8 35.5 33.8 
RAC50 28.0 39.9 43.4 3.8 4.8 4.7 28.7 29.1 28.8 
RAC100 27.3 36.3 42.1 3.1 3.4 3.6 25.1 26.3 26.3 
For the entire duration of the tests, environmental temperature and relative humidity were 
measured regularly as presented in Figure 6-1. The mean temperature and relative 
humidity values measured during the tests were 18.3°C and 42.6%, respectively. Under 
these environmental conditions, the long-term properties of NAC and RAC, i.e. 
shrinkage deformation and creep coefficient, were monitored with Demec gauges over 
time (Figure 6-1). For the first 14 days of the long-term tests, the concrete deformations 
were measured using both the Demec strain reader and electrical resistance strain gauges. 
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Their readings showed close agreement with a maximum deviation of 10% (e.g. Wang et 
al., 2011 and Wang et al., 2015).  
In particular, the shrinkage tests were conducted on two concrete prisms (100 mm 
×100 mm ×400 mm) and measured starting 7 days from casting. The shrinkage 
measurements are reported in Figure 6-2 a and each curve represents the average 
shrinkage strain of two samples. A significant increase of 38.4% for the shrinkage strain 
was observed for RAC100 when compared to the NAC measurement at 268 days, while 
9.8% increase was recorded for RAC50. The creep tests were conducted on two concrete 
prisms (100 mm×100 mm×400 mm) subjected to a sustained load applied at 28 days 
from casting and equivalent to a stress of about 0.2 fcm,28. The creep measurements are 
reported in Figure 6-2 b, and each curve represents the average creep coefficient of two 
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Figure 6-1 Environmental conditions measured during the long-term tests 
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Figure 6-2 Measured long-term concrete properties 
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samples. Similar to the shrinkage measurements, increases of 52.9% and 19.7% were 
observed in the creep coefficients for RAC100 and RAC50 at the end of the test, 
respectively, when compared to the NAC measurements. 
6.2.4 Mechanical properties of steel 
Two types of steel decks were used in this study, i.e. profiled steel sheeting and steel-bars 
truss decks. The profiled steel sheeting with a thickness of 1.2 mm is illustrated in Figure 
6-3 a and Figure 6-3 b, and the geometric properties of the profiled steel decks are listed 
in Table 6-6. The steel-bars truss decks used in this study (DW-3-80) composed of 
0.5 mm thick steel deck at the soffit and the steel-bars truss welded on the steel deck, as 
shown in Figure 6-3 c and Figure 6-3 d. In particular, the steel-bars truss consisted of 6 
reinforcing steel bars with diameter of 8 mm and 3 reinforcing steel bars with diameter of 
10 mm arranged at the bottom and at the top of the steel decks, respectively. The 
geometric properties of steel-bars truss decks are listed in Table 6-6. 
 
 
(a) Schematic diagram of profiled steel sheeting (b) Cross-section of profiled steel sheeting 
 
 
(c) Schematic diagram of steel-bars truss deck (d) Cross-section of steel-bars truss deck 
Note：The diameters of the tensile reinforcement, the compressive reinforcement and the transverse 
reinforcement in steel-bars truss decks are 8 mm, 10 mm and 4.5 mm, respectively. 
Figure 6-3 Steel decks used in this study 
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Table 6-6 Geometric properties of steel decks 
Deck profile ID dsd 
a
(mm) bsd (mm) tsd (mm) ysd (mm) Asd (mm
2
) Isd (×10
5
 mm
4
) 
DW-65-170-510 65 510 1.2 21 1200 7.75 
DW-3-80 90 590 0.5 34.8 830 7.99 
 
a 
dsd, bsd, tsd, Asd, Isd is the depth, width, thickness, cross-sectional area and second moment of area of 
the profiled steel sheeting, respectivley. ysd is the distance from the centroidal axis of the profiled steel 
sheeting to its underside. 
The mechanical properties of the steel materials were obtained from standard tensile tests 
carried out in accordance with GB/T 6397 (MHRUD, 2010) and are reported in Table 6-7. 
In particular, yield strength, ultimate strength and elastic modulus of the profiled steel 
sheeting DW-65-170-650 were 440.3 MPa, 517.0 MPa and 199.7 GPa, respectively. 
Yield strength and elastic modulus of the steel sheeting in steel-bars truss decks were 
414.3 MPa and 206.3 GPa, respectively. The yield strengths of the compressive 
reinforcement (10 mm diameter) and tensile reinforcement (8 mm diameter) were 
486.3 MPa and 537.9 MPa, respectively, with elastic modulus of 187.5 GPa and 
183.2 GPa, respectively. 
Table 6-7 Summary of the material properties measured from tensile steel coupon tests 
Sample ID 
Elastic modulus 
Es (GPa) 
Yield strength fy (MPa) 
Ultimate strength 
fu  (MPa) 
Test 
value 
Mean value 
(COV)
a
 
Test 
value 
Mean value 
(COV)
a
 
Test value 
Mean value 
(COV)
a
 
Steel sheeting 
(DW-65-170-510) 
199.0 
199.5 
200.5 
199.7 
(0.38%) 
441.0 
436.0 
444.0 
440.3 
(0.92%) 
516.0 
516.0 
519.0 
517.0 
(0.33%) 
Steel sheeting 
(DW-3-80) 
205.1 
209.0 
204.8 
206.3 
(1.13%) 
400.0 
415.0 
427.9 
414.3 
(3.37%) 
451.2 
472.0 
484.7 
469.3 
(3.60%) 
Compressive 
reinforcement 
(DW-3-80) 
186.9 
185.7 
190.0 
187.5 
(1.19%) 
460.0 
490.5 
508.4 
486.3 
(4.11%) 
648.5 
668.2 
656.5 
657.7 
(1.51%) 
Tensile 
reinforcement 
(DW-3-80) 
185.2 
183.3 
181.3 
183.2 
(1.06%) 
531.3 
539.8 
542.7 
537.9 
(1.10%) 
713.8 
639.4 
665.1 
672.7 
(5.61%) 
a
 COV is the coefficient of variation of three test results in each group. 
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6.2.5 Preparation of composite slab specimens 
The experimental program in this study involved the long-term testing of three steel-bars 
truss slabs and four composite slabs for a total period of 268 days. The development of 
the non-uniform shrinkage taking place through the thickness of the full-scale slabs was 
measured from small-scale unreinforced concrete samples over time. All the samples (i.e. 
the cubes and prisms for material testing, the small-scale shrinkage samples and the 
full-scale slabs) were exposed to the same indoor environmental conditions as depicted in 
Figure 6-1. The low RH values measured between 100 days and 175 days from casting 
were attributed to the heating provided in the building during the winter season as the 
tests were carried out in Harbin, China. 
Table 6-8 Details of the full-scale slabs 
Specimens r (%) Ls (L) (mm) 
a
 b (mm) 
a
 d (mm) 
a
 t0 (days) 
b
 wsus (kN/m) 
c
 
SBTS-120-0% 0 
3000 (3300) 590 120 28 4.0 SBTS-120-50% 50 
SBTS-120-100% 100 
CS-120-100%-SH 
100 3000 (3300) 510 
120 — — 
CS-120-100% 120 28 4.5 
CS-180-100%-SH 180 — — 
CS-180-100% 180 28 9.0 
 
a 
Ls, L, b and d is the total length, the calculated length between roller supports, the width and the 
depth of composite steel-concrete slabs, respectively.  
 
b
 t0 is the time of first loading. 
 
c 
wsus is the sustained loading during the long-term tests. 
Details of the full-scale slabs are summarised in Table 6-8, and all full-scale slabs were 
simply-supported with a total length (Ls) of 3300 mm and a distance between roller 
supports (L) of 3000 mm. For steel-bars truss slabs, their width and depth was 590 mm 
and 120 mm, respectively. The steel-bars slabs were designed with RCA replacement 
ratio (r) of 0%, 50% and 100%, respectively. For ease of notation, three steel-bars truss 
slabs were referred to in this study as SBTS-120-0%, SBTS-120-50% and 
SBTS-120-100%, respectively. A sustained load of 4.0 kN/m was applied to steel-bars 
truss samples at 28 days from casting. For four composite samples, their width was equal 
to 510 mm. Two loading conditions (with and without sustained loads) and two slab 
depths (i.e. 120 mm and 180 mm) were considered. For ease of notation, the two slabs 
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subjected to shrinkage effects and sustained loads of 4.5 kN/m and 9.0 kN/m at 28 days 
were referred to as CS-120-100% and CS-180-100%, respectively. The remaining two 
specimens, denoted as CS-120-100%-SH and CS-180-100%-SH, were only subjected to 
shrinkage effects. The sustained loads were applied by means of prefabricated concrete 
blocks, as shown in Figure 6-4. 
 
(a) Instrumentation layout (mm) 
 
(b) Overview of long-term tests for steel-bars truss slabs 
 
(c) Overview of long-term tests for composite slabs 
Figure 6-4 Instrumentation layout and experimental setup for the full-scale long-term tests 
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All specimens were maintained propped during casting, after which the props were 
removed and the specimens were placed in a simply-supported static configuration. In 
this manner, the self-weight of the slabs was supported by the steel decks and it was 
assumed that no creep developed in the concrete due to the slab self-weight. The timber 
formwork (used for the formwork edges) was removed at 24 hours after casting, and then 
four side edges of the slab specimens were sealed with epoxy to prevent drying to take 
place from these locations, as it would occur in a real slab due to its continuity. The 
full-scale slabs were wet cured for 7 days before they were exposed to air drying. The 
time-dependent deflections at mid-span and at quarter-spans of the slabs were measured 
with dial gauges for the entire duration of the long-term tests. 
 Experimental Results 6.3
6.3.1 Non-uniform shrinkage profiles 
The occurrence of non-uniform shrinkage profiles was measured through the slab 
thickness of three small-scale unreinforced samples made with different concrete 
mixtures (i.e. NAC, RAC50 and RAC100). The small-scale samples were 600 mm 
square in plan and their depth was the same with that of the full-scale slabs, i.e. 120 mm 
and 180 mm. For ease of notation, four small-scale samples were referred to as 
ES-120-0%, ES-120-50%, ES-120-100% and ES-180-100%, respectively. The adopted 
testing setup and instrumentation arrangement are provided in Figure 6-5. 
 
 
(a) Instrumentation layout (b) Overview of the test arrangement 
Figure 6-5 Instrumentation layout and experimental setup for the small-scale shrinkage tests 
In particular, DEMEC targets were installed on the samples to measure the shrinkage 
strains on the top and bottom surfaces, while deformations taking place within the slab 
thickness of the small-scale shrinkage samples were monitored using embedded strain 
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gauges, as detailed in Figure 6-5 a. The timber formwork of small-scale samples was 
removed at 24 hours from casting, after which both four side edges and the bottom 
surface of the small-scale shrinkage samples were covered with epoxy to reflect the 
continuity of a floor slab and the sealing condition provided by the steel deck without 
inducing its restraining action. The small-scale shrinkage samples were then placed 
vertically on four roller supports to eliminate any restraint due to friction between the 
specimen and the laboratory floor, as illustrated in Figure 6-5 b.  
As the purpose of this study is to develop adequate design guidelines for composite slabs 
made with RAC, the variation of shrinkage through the cross-section has been assumed 
to be linear, even if in reality the shrinkage profile is more refined, e.g. Gilbert and Ranzi 
(2013). Under this simplifying assumption, the total deformations measured from the 
small-scale unreinforced samples sealed on their bottom side are representative of the 
free shrinkage that takes place through the slab specimens. Typical strain profiles 
measured through the depth of the small-scale samples at different instants in time are 
presented in Figure 6-6. The linear shrinkage distribution in the RAC samples was 
expressed as a function of two parameters, i.e. the total deformation on the top (exposed) 
surface of slabs (εsh,top) and the shrinkage gradient (κsg) through the slab depth (= -(εsh,top–
εsh,btm)/d, with εsh,btm being the deformation on the bottom (sealed) surface and d being the 
slab depth). 
The total deformation measured on the top fibre of the slabs increased with increasing 
RCA contents. At the end of the test, the maximum strain on the top (exposed) surface 
increased to -601×10
-6 
and -662×10
-6
, respectively, when 50% and 100% of RCA were 
adopted, which were 14.3% and 25.7% larger than the NAC measurement (equal to 
-527×10
-6
). These increase values were consistent with the observations reported in 
Chapter 4. The deformations measured on the bottom (sealed) surface of all three slabs 
remained at small levels (less than -200×10
-6
) at the end of the test, despite these values 
were a little larger than that reported in Chapter 4. In particular, the measured shrinkage 
gradient through the slab depth increased with RCA contents. In particular, the shrinkage 
gradient was estimated to be about 3.32×10
-6
 mm
-1
, 4.45×10
-6
 mm
-1
and 5.20×10
-6
 mm
-1
 
for specimens ES-120-0%, ES-120-50% and ES-120-100%, respectively. The shrinkage 
ratio ξsh (defined as the ratio of εsh,btm over εsh,top) was observed to be around 0.172 at the 
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end of the test for the NAC sample, which was consistent with the value suggested in 
reference (e.g. Al-deen et al., 2015; Al-deen and Ranzi, 2015). When 100% of RCA was 
incorporated, the measured ξsh values were in the range between 10.5% and 25.0%, and 
these values were also within the acceptable range observed for RAC slabs as reported in 
Chapter 4. Based on the experimental data collected from this study, the shrinkage 
profiles recommended in Chapter 4 were still valid for the slabs. 
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(c) ES-120-100% (d) ES-180-100% 
Figure 6-6 Total deformations measured through the thickness of slabs 
6.3.2 Long-term deflections 
6.3.2.1 Steel-bars truss slabs 
The time-dependent mid-span deflections of three full-scale steel-bars truss slabs are 
outlined in Figure 6-7. Clearly, the deflections over time could be divided into three 
stages. Stage 1 started at the time of casting and terminated just before the application of 
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the instantaneous load after 28 days. During this period, the deflections of slabs were 
caused by shrinkage effects only. The instantaneous deflections were produced by 
external loading applied at 28 days, here referred to as Stage 2. Stage 3 started 
immediately after the application of the instantaneous load and covered the remaining 
duration of the long-term test. During this stage, the deflections of steel-bars truss slabs 
were due to the combined effects of shrinkage and creep. 
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Figure 6-7 Mid-span deflections of the steel-bars truss slabs 
In Stage 1, the mid-span deflections of all three steel-bars truss samples exhibited similar 
trends before the application of the sustained load, as expected. At the age of 28 days 
from casting, the mid-span deflections of three slabs were all about 2.5 mm. This could 
be explained by the observations that similar shrinkage profiles were observed in three 
small-scale slabs during this time period. In the first few days from casting, the slabs 
underwent an initial upward deflection and this was attributed to the expansion occurred 
due to the additional water absorbed by RCA during the curing period. The occurrence of 
this expansion in recycled concrete at the early stage of curing time was also observed in 
the study reported by Gomez-Soberon (2003). 
During Stage 2, the instantaneous deflections produced by the application of sustained 
distributed load (4 kN/m) were about 1.72, 1.95 and 2.49 mm for specimens 
SBTS-120-0%, SBTS-120-50% and SBTS-120-100%, respectively. The differences in 
the instantaneous deflections were due to the variation of the concrete elastic modulus as 
depicted in Table 6-5. 
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In Stage 3, time-dependent deformations took place for the duration of the long-term 
tests and the final deflections of these three specimens were 7.42 mm (≈L/404), 8.78 mm 
(≈L/342) and 9.83 mm (≈L/305) for SBTS-120-0%, SBTS-120-50% and 
SBTS-120-100%, respectively, which were 4.31, 4.50 and 3.95 times larger than the 
corresponding instantaneous deflections. These mid-span deflection values also showed 
that the steel-bars truss samples exhibited greater mid-span deflections with increasing 
RCA contents. At the age of 268 days from casting, the mid-span deflection of 
SBTS-120-100% and SBTS-120-50% was 32.5% and 18.3% larger than the NAC 
measurement, respectively. These increases in the time-dependent deflections of RAC 
samples were mainly caused by combined effects of larger shrinkage gradient and creep 
deformation, together with smaller elastic modulus values, as a result of RCA 
incorporation. 
6.3.2.2 Composite slabs cast on profiled steel decks 
The long-term deflections of the four composite slabs are outlined in Figure 6-8. The 
composite slabs with same depths exhibited similar trends before the application of the 
sustained load for the first 28 days from casting. At the age of 28 days, the mid-span 
deflections of the composite slabs with depths of 120 mm and 180 mm were about 
2.77 mm and 1.24 mm, respectively. 
The sustained load was applied at 28 days from casting to samples CS-120-100% and 
CS-180-100% (Table 6-9). The consequent instantaneous deflections were 2.24 mm and 
1.57 mm for the 120 mm and 180 mm slabs, respectively.  
Final total mid-span deflections measured at the age of 268 days (i.e. at the end of the 
long-term tests) for CS-120-100% and CS-180-100% were 10.64 mm (≈L/282) and 
6.82 mm (≈L/440), respectively. These total deflections were produced by the combined 
effects of sustained loading and shrinkage, and were 4.75 and 4.34 times larger than the 
corresponding instantaneous deflection components. During the same time period, the 
total mid-span deflections exhibited by samples CS-120-100%-SH and 
CS-180-100%-SH (subjected to shrinkage only) were 5.48 mm and 4.01 mm, 
respectively. Considering these shrinkage deflection components, it was estimated that 
for specimen CS-120-100%, the deflection caused by shrinkage was about 51.5% of the 
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total deflection. A similar trend was observed for the 180 mm thick samples (with the 
shrinkage deflection being equal to 58.8% of the total deflection). These results highlight 
the importance in including in the deformations produced by shrinkage effects for RAC 
composite slabs. 
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(a) Slabs with depth of 120mm (b) Slabs with depth of 180mm 
Figure 6-8 Mid-span deflections of the composite slabs 
For both steel-bars truss slabs and composite slabs, the relative movement between the 
concrete and steel deck was monitored as well for the entire duration of the long-term 
experiments. No slip was observed in all these seven full-scale slabs during the long-term 
tests.  
 Modelling  6.4
A numerical model was developed as part of this work to describe the long-term 
behaviour of composite steel-concrete slabs. It is based on the assumptions of 
Euler-Bernoulli beam theory in which plane sections remain plane and perpendicular to 
the beam axis before and after deformation. Reflecting the experimental observations, no 
slip was assumed to occur at the interface between the steel sheeting and the concrete 
slab. A nonlinear solution procedure was implemented based on the Newton-Raphson 
method using a layered approach for the cross-section as outlined in structural analysis 
and finite element textbooks (e.g. Ranzi and Gilbert, 2014). 
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6.4.1 Numerical model 
The numerical model is based on the finite element method and, for an isolated element 
with a length of Le, its derivation was carried out by means of the principle of virtual 
work whose weak form could be written as: 
e e
ˆ ˆd d
L L
x x rAe pe
 
(6-1) 
in which r is the vector of internal action calculated by the time-dependent properties of 
concrete and steel, A is a differential operator, p is the vector of external loads, e collects 
the generalised displacements of the problem (i.e. deflection and axial displacement) and 
the symbol ‗^‘ depicts a virtual quantity. 
In the spirit of a displacement-based finite element, the generalised displacements e were 
approximated by means of polynomial functions:  
e ee N d  (6-2) 
where Ne collects the shape functions adopted for the displacements and de is the matrix 
of nodal displacements (i.e. horizontal and vertical displacements, and rotation). For the 
7 DOF finite element adopted in this study (Figure 6-9), the vertical and axial 
displacements are approximated with cubic and parabolic polynomials, respectively. 
 
Figure 6-9 7-dof finite element 
Based on the above calculation, the theoretical model of an isolated element was then 
written as: 
e e e( ) k d q
 
(6-3) 
where e e( )k d  defines the internal actions and eq is the matrix of nodal actions 
describing member loads, and these were calculated as: 
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T
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(6-4) 
T
e e
e
d
L
x q N p
 
(6-5) 
By assembling the contributions of various elements, the numerical model of the entire 
structure was obtained and the analysis was performed based on standard finite element 
procedures. 
6.4.2 Material properties 
The time-dependent behaviour of the concrete slabs was modelled by means of the 
step-by-step procedure with the time domain discredited into j steps, adopting the 
trapezoidal rule for the calculation of the superposition integral (e.g. Gilbert and Ranzi, 
2013). Based on this approach, the concrete behaviour at time tj can be described as 
follows in both compression and tension: 
1
c c tot sh e, , c
0
( ) ( )[ ( ) ( )] ( )
j
j j j j j i i
i
t E t t t F t   


  
 
(6-6) 
where ti is the time calculated from the beginning of the test and t0 is the first time of 
loading, respectively, εtot(tj) is the total strain which combines both stress-dependent and 
stress-independent strains, and εsh(tj) is the free shrinkage strain at time tj. ζc(t) is the 
concrete stress calculated at time t and Ec(tj) is the instantaneous elastic modulus at time 
tj. Fe,j,i is the stress modification factor calculated by means of trapezoidal rule (e.g. 
Gilbert and Ranzi, 2013). The assumption of linear creep is assumed to be valid for stress 
levels less than 50% of its ultimate strength in both compression and tension (e.g. Gilbert 
and Ranzi, 2013). Despite this, in the numerical solution the concrete in tension is 
assumed to be cracking when reaching a stress value greater than its tensile strength after 
which possible tension-stiffening effects are ignored. This simplification is assumed to be 
acceptable for the service conditions considered in this study.  
The shrinkage gradient is assumed to vary with a linear profile (Chapter 4) and is 
described in this study by means of a shrinkage strain at the level of the reference axis 
εsh,r (tj) and a shrinkage gradient κsg,r (tj) as follows:  
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     sh sh,r sg,rj j jt t t y   
 
(6-7) 
where y depicts the location from the horizontal reference axis. 
The steel of profiled steel sheeting is assumed to behave in an elastic-perfectly plastic 
model: 
s y y
s s y y
s y y
( )
( )= ( ) ( )
( )
j
j j j
j
E t
t E t t
E t
  
    
  
   

  
 
 
(6-8) 
where ζs(tj) and ε(tj) are the stress and strain, respectively, resisted by the steel deck at 
time tj, while Es and εy present the elastic modulus and the yielding strain of the profiled 
steel sheeting, respectively. 
6.4.3 Comparisons between numerical and experimental results 
6.4.3.1 Steel-bars truss slabs 
The adequacy of the numerical model was validated against the experimental results 
reported in this paper. Comparisons between the predicted and measured mid-span and 
quarter-span deflections are presented in Figure 6-10 and these show good agreement.  
The errors estimated for the mid-span deflections at the end of the test (i.e. 268 days from 
casting) were 3.8%, 5.5% and 6.3% for specimens SBTS-120-0%, SBTS-120-50% and 
SBTS-120-100%, respectively. For the instantaneous deflection caused by sustained 
loading at 28 days, the simulated numerical results calculated for the initial deflections 
for steel-bars truss slabs made with 0%, 50% and 100% recycled aggregates were 
1.42 mm, 1.68 mm and 1.86 mm, respectively, which were 13.8%~25.3% smaller than 
the corresponding experimental measurements, i.e. 1.72 mm, 1.95 mm and 2.49 mm, 
respectively. This variation was attributed to the acceptable variability in service 
measurements. Despite of this, the maximum errors between the measured values and 
simulated results for these three samples were within ±15% for the entire duration of the 
long-term tests. Based on the comparative results, the adopted model is recommended for 
the prediction for the time-dependent behaviour of RAC steel-bars truss slabs. 
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(a) SBTS-120-0% (b) SBTS-120-50% 
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(c) SBTS-120-100% 
Figure 6-10 Comparisons between numerical results and experimental measurements for steel-bars 
truss slabs 
6.4.3.2 Composite slabs cast on profiled steel decks 
Comparisons between the predicted and measured mid-span and quarter-span deflections 
of composite slabs are presented in Figure 6-11, and these show good agreement. The 
errors estimated for the mid-span deflections measured at the end of the test (i.e. at 
268 days from casting) are 5.2%, 0.4% and 2.7% and 1.0% for CS-120-100%-SH, 
CS-120-100%, CS-180-100%-SH and CS-180-100%, respectively. The maximum error 
between the measured values and simulation results for these four samples is within ±15% 
for the whole time duration. 
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(a) CS-120-100%-SH (b) CS-180-100%-SH 
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(c) CS-120-100% (d) CS-180-100% 
Figure 6-11 Comparisons between numerical results and experimental measurements for composite 
slabs 
A numerical simulation was then conducted on how the uniform shrinkage effected the 
time-dependent deflection of composite slabs, as current industry practice is to specify a 
constant shrinkage distribution through the depth of composite slabs. The shrinkage 
strain used in the (uniform) constant shrinkage case (referred to in Figure 6-12 as ―Const 
Sh‖) was estimated to be 60% of the maximum shrinkage strain obtained on the top 
surface of small-scale slabs, and complied with the observations reported for NAC 
composite slabs (Al-deen et al., 2015; Al-deen and Ranzi, 2015). For comparison 
purposes, the influence of shrinkage gradient on the long-term deflection is also plotted 
in Figure 6-12, labelled as ―Sh Gradient‖, together with the results evaluated for the 
constant shrinkage case. As shown in Figures 6-12 a and Figures 6-12 b, for samples 
CS-120-100%-SH and CS-180-100%-SH, i.e. slabs subjected to shrinkage effects only, 
the mid-span deflections at the end of the test were significantly underestimated by 
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adopting constant shrinkage, predicting only 51.3% and 41.9% of mid-span deflections 
for the 120 mm and 180 mm slabs, respectively. 
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Figure 6-12 Time-dependent deflections caused by shrinkage gradient and constant shrinkage 
The comparisons related to CS-120-100% and CS-180-100% showed an overall good 
agreement with both ―Const Sh‖ and ―Sh Gradient‖ curves. Looking at the initial part of 
the curve (i.e. up to the application of the sustained loading), the ―Sh Gradient‖ 
representation better predicted the experimental measurements (than the ―Const Sh‖ one). 
Considering the results of CS-120-100%, the instantaneous mid-span deflections 
produced by the sustained load was predicted to be 4.16 mm with the ―Const Sh‖ 
approach, while the ―SH Gradient‖ estimated 2.34 mm and better reflected the 
experimental measured deflection of 2.24 mm (Figure 6-12 c). The differences in the 
calculated values (between the ―Const Sh‖ and ―Sh Gradient‖ cases) were attributed to 
the larger amount of concrete cracking predicted when considering a constant shrinkage 
distribution. The larger cracking estimated in this case for the uniform shrinkage profile 
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led to higher long-term deflections (and therefore the good agreement found in this case). 
Similar trends were observed for the 180 mm slab sample (CS-180-100%). It is worth 
highlighting that in normal building applications the live load level is usually smaller 
than the adopted sustained load (equivalent to about 8.8 kPa and 17.6 kPa for samples 
CS-120-100% and CS-180-100%, respectively). 
 Parametric Study 6.5
6.5.1 Studied composite slabs 
A parametric study was carried out using the numerical model validated in the previous 
section to investigate how the incorporation of RCA influenced the long-term behaviour 
of composite slabs. Linearly varying shrinkage profiles reported in Chapter 5 are used in 
the parametric study, accounting for the influence of RCA r ratios. All the composite 
slabs were simply-supported and subjected to the self-weight as well as uniformly 
distributed live loads. To assess the effect of the long-term loads on its deflections, the 
level of sustained load was calculated as the sum of the slab self-weight and 40% of the 
live loads. According to MHURD (2012), the total deflection at the mid-span of 
composite slabs (δtot) consisted of the instantaneous deflection and time-dependent 
deflection over 50 years. The range of the parameters considered in the study presents 
realistic geometries and properties commonly adopted in composite floor systems. The 
parameters and their values are listed as follows: 
1) Profiled steel sheeting widely used in Australia and China (i.e. clip-pan profiles, 
re-entrant trough profiles and open trough profiles), with thickness (tsd) ranging from 
0.6 mm to 1.2 mm, deck height (dsk) between 48 mm and 76 mm, yield strength (fy) 
ranging from 345 MPa to 550 MPa; 
2) Compressive strength of RAC ( RAC
cmf ): 30~60 MPa; 
3) Compressive strength of parent concrete ( PC
cmf ): 30~100 MPa; 
4) RCA replacement ratios (r): 0%~100%; 
5) RCA residual mortar content (CRM): 10%~50%; 
6) Span of composite slabs (L): 3000 mm~8000 mm; 
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7) Span to depth ratios(L/d): 20~30; 
8) Uniformly distributed live loads (Q): 0~10 kPa; 
9) First loading time of the long-term loads (t0): 7~365 days; 
10) Environmental relative humidity (RH): 30%~80%; 
For these simulations, the material properties of the recycled concrete have been 
calculated combining the recommendations of EC2 with the amplification factors 
proposed in Chapter 4 for shrinkage and with the amplification factor proposed by Geng 
et al. (2016) for creep deformations. In particular, the expressions related to drying 
shrinkage are listed in Eq. (6-9-6-11) accounting for the influence of residual mortar 
content (CRM) and the quality of parent concrete; the expressions related to autogenous 
shrinkage are reported in Eq.(6-12-6-14) considering the influence of residual mortar 
content and absorbed water due to the saturated RCA; the equations to calculate the creep 
behaviours are outlined in Eq.(6-15-6-16), accounting for the combined effects of 
residual mortar content (CRM) and the quality of parent concrete. 
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where 
RAC
sh
  and NAC
sh
  depicts the drying shrinkage of recycled concrete and that of 
natural concrete, respectively, RAC
au  and 
NAC
au  depicts the autogenous shrinkage of 
recycled concrete and that of natural concrete, respectively, θRAC and θNAC defines the 
creep coefficients of the recycled and natural concrete, respectively. r and CRM is RCA 
replacement ratios and residual mortar content. RAC
RMV ,
RAC
NMV , 
RAC
TMV  and 
RAC
CAV  is the 
volume fraction of residual mortar, new mortar, total mortar and recycled coarse 
aggregates in recycled concrete. RAC
cmf  and /w c  is the compressive strength and 
water-to-cement ratio of recycled concrete, respectively. PC
cmf  and or or/w c  is the 
compressive strength and water-to-cement ratio of parent concrete, respectively. 
RACw  
and RAC
RCAa  is the weight of mixing water and coarse aggregate in 1 m
3
 RAC. 
6.5.2 Results and analyses 
6.5.2.1 Effects of profiled steel sheeting types 
Effects of non-uniform shrinkage on the long-term behaviours were studied on composite 
slabs made with different types of steel decks, including clip-pan profiles, re-entrant 
trough profiles and open trough profiles. The detailed information of the profiled steel 
sheeting is listed in Appendix A, including the depth (dsd), the thickness (tsd), the distance 
from the centroidal axis of the profiled steel sheeting to its underside (ysd), the 
cross-sectional area (Asd) and the second moment of area (Isd).  
Figure 6-13 illustrates the influence of the deck thickness (tsd) on the total deflection (δtot) 
of composite slabs cast on clip-pan profiles (i.e. DW-65-170-510), re-entrant trough 
profiles (i.e. DW-51-190-760) and open trough profiles (i.e. ComFlor 60), respectively. 
The span (L) and the depth (d) of the illustrated composite slabs were 4000 mm and 
160 mm, the concrete compressive strength was 30 MPa, and the live load was 3.0 kPa. 
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The RCA percentages increased the total deflection (δtot) of composite slabs, and varied 
increases of 24.4%-44.5% were observed by means of using 100% of RCA (Figure 6-13). 
It is clear that the influence of steel deck thickness on the total deflections may be 
negligible for both clip-pan profile (Fig.6-13 a) and re-entrant trough profile (Fig.6-13 b), 
irrespectively of the RCA content, while a maximum difference of 7.7% was observed in 
the total deflection (δtot) of composite slabs with open trough profiles, as shown in 
Fig.6-13 c.  
  
(a) DW-65-170-510 clip-pan profiles (b) DW-51-190-760 re-entrant trough profiles 
 
(c) ComFlor 60 open trough profiles 
Figure 6-13 Total deflections of composite slabs 
Figure 6-14 reports how the RCA r ratios and steel deck thicknesses (tsd) influence the 
long-term shrinkage deflections (δsh) of composite slabs, and the shrinkage deflection (δsh) 
was calculated accounting for non-uniform shrinkage effects only. It is clear that by 
means of using 50% and 100% of RCA, increases of 20.0% and 40.1% were obtained in 
the shrinkage deflection (δsh) of composite slabs, irrespectively of selected steel decks 
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types. The influence of deck thicknesses on the shrinkage deflections may be negligible. 
Taking composite slabs made with NAC for example, shrinkage deflection was in the 
range of 8.10-8.95 mm, with the maximum difference of 9.5%. The difference was 
probably caused by different geometric properties of selected profiled steel decks, which 
led to different second moment of area of composite cross-section and different restraint 
action to the non-uniform shrinkage.  
  
(a) DW-65-170-510 clip-pan profiles (b) DW-51-190-760 re-entrant trough profiles 
 
(c) ComFlor 60 open trough profiles 
Figure 6-14 Shrinkage deflections of composite slabs 
Combining Figure 6-13 and 6-14, the shrinkage deflection (δsh) was 50.4%-74.7% of 
their total deflection (δtot). These magnitudes highlighted the need to account for 
non-uniform shrinkage effects on the long-term deflections of composite slabs. 
6.5.2.2 Effects of span-to-depth ratios (L/d) 
The span-to-depth ratio (L/d) is an important parameter that highly influences the 
time-dependent behaviour of composite steel-concrete slabs. Figure 6-15 shows how the 
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long-term deflections (δtot) of composite slabs made with RAC change for different L/d 
values for the representative case with a typical slab span of 5000 mm and a typical live 
load of 3.0 kPa. 
 
Figure 6-15 Influence of L/d on the total deflections of composite slabs 
It can be observed that the total deflections (δtot) of composite slabs increased with 
increasing L/d values and RCA r ratios. Taking NAC composite slabs as reference, the 
deflections increased approximately linearly with L/d values less than 28, and then 
significant increases were observed for larger L/d values. This is mainly caused by the 
larger shrinkage and creep deformations, together with more severe cracking conditions 
obtained in thinner slabs. Similar observations were obtained in the case of RAC 
composite slabs, with the only difference that the significant deflection changes occurred 
with smaller L/d values, e.g. L/d of 26 for RAC100. This was attributed to the smaller 
elastic modulus and larger time-dependent deformations (i.e. shrinkage and creep) 
estimated for recycled concrete. 
6.5.2.3 Effects of live loads (Q) 
Figure 6-16 illustrates the influence of live load (Q) on the deflections of composite slabs 
with a span (L) of 4000 mm and a span-to-depth ratio (L/d) value of 25. Clearly, the 
deflections of the composite slabs increased with increasing Q values and RCA r ratios. 
Taking NAC slabs as reference, when the slab was subjected to a live load less than 
5.0 kPa, a maximum increase of 10.7% in the deflection was obtained, while a significant 
increase of 53.9% in the slab deflection was caused by a larger live load of 10.0 kPa. For 
RAC slabs under a live load (Q) less than 5.0 kPa, increases of 20.4% and 43.1% were 
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observed in the total deflections δtot of composite slabs, for r ratios of 50% and 100%, 
respectively, while these percentages decreased to 9.4% and 20.2%, respectively, under 
the live load of 10.0 kPa. This is mainly caused by the more severe cracking condition 
exhibited in the slabs under a larger live load, in which case the shrinkage deflection took 
up a smaller proportion, when compared to that under a smaller live load. 
 
Figure 6-16 Influence of Q on the total deflections of composite slabs 
6.5.2.4 Effects of compressive strength of RAC ( RAC
cmf ) 
The tensile strength, elastic modulus and long-term deformations (i.e. shrinkage and 
creep) of concrete are highly dependent on the compressive strength ( RAC
cmf ). In this 
context, the influence of compressive strength on the slab deflection was evaluated with 
the corresponding results reported in Figure 6-17. The parent concrete strength was 
assumed to be identical to that of recycled concrete in the illustrated cases, and the span 
and depth of the selected composite slabs was 4000 mm and 160 mm. 
As expected, the total deflections (δtot) of composite slabs decreased with increasing 
concrete compressive strengths, irrespectively of RCA contents (Figure 6-17 a). For 
example, the deflection of NAC composite slabs presented a decrease of 15.2% with an 
increase of compressive strength varying from 30 MPa to 60 MPa. This was mainly 
caused by the fact that the increasing compressive strength led to higher tensile strength, 
higher elastic modulus and lower long-term deformations, all of which could decrease the 
slab deflections. The corresponding percentages slightly changed to 20.3% and 24.4% 
when 50% and 100% RCA was introduced, respectively. Figure 6-17 b illustrates the 
long-term shrinkage deflections (δsh) changed with varied RAC compressive strength, 
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and similar trend to that of δtot was obtained. In particular, the composite slabs made with 
NAC presented a decreased of 9.4% in the δsh values by increasing RAC strength from 
30 MPa to 60 MPa. This percentage increased to 16.8% and 22.5% when 50% and 100% 
RCA was incorporated into composite slabs, respectively. This is mainly caused by the 
fact that autogenous shrinkage takes up a smaller percentage in the total shrinkage for 
RAC when compared to NAC, and therefore increasing concrete strength is more 
efficient to reduce the long-term deflection of RAC composite slabs when compared to 
NAC ones. 
  
(a) total deflections (δtot) (b) shrinkage deflections (δsh) 
Figure 6-17 Influence of RAC strength on the long-term deflections of composite slabs  
6.5.2.5 Effects of compressive strength of parent concrete ( PC
cmf ) 
The long-term deformations (i.e. shrinkage and creep) of RAC are highly dependent on 
the parent concrete strength ( PC
cmf ). In this context, effects of parent concrete strength 
ranging from 30 MPa to 100MPa on the time-dependent behaviours were conducted on 
the composite slabs made with RAC of normal strengths (i.e. 30 MPa and 60 MPa), as 
shown in Figure 6-18. The span and depth of the selected composite slabs was 4000 mm 
and 160 mm. 
Clearly, using higher strength parent concrete could reduce the long-term deflection of 
RAC composite slabs. For composite slabs with RAC strength of 30 MPa, a decrease of 
7.1% in the total deflection was obtained by using 50% of RCA from 100 MPa parent 
concrete when compared to that using 30 MPa parent concrete, and this percentage 
increased to 14.3% for RCA r ratios of 100%. In this case, by using 100 MPa parent 
0
3
6
9
12
15
18
30 40 50 60
δ t
o
t(
m
m
) 
fcm (MPa) 
r=100% 
r=50% 
r=0% 
0
3
6
9
12
15
18
30 40 50 60
δ s
h
(m
m
) 
fcm (MPa) 
r=100% 
r=50% 
r=0% 
The University of Sydney 
 -191- 
concrete, the deflection of the slabs made with 100% RCA increased by 32.1% when 
compared to the NAC slabs‘ behaviour, which was slightly smaller than that selecting 
lower strength parent concrete (e.g. 43.0% for 30 MPa parent concrete). Similar 
observations were obtained in composite slabs with higher parent concrete strength, i.e. 
RAC
cmf =60MPa (Figure 6-18 b). Compared to that made with 50% of RCA from 30 MPa 
parent concrete, composite slabs presented 16.6% smaller eventual deflection by using 
100 MPa parent concrete, and this percentage increased to 29.7% for RCA r ratio of 
100%. In this case, the total deflection of composite slabs increased only by 22.9% when 
using 100% RCA from 100 MPa parent concrete, in comparison with that of NAC slabs. 
The above observations could be explained by the fact the higher parent concrete strength 
could lead to smaller drying shrinkage and creep, and therefore reduced the deflection of 
composite slabs. In this case, it may be concluded that increasing parent concrete strength 
is an efficient way to reduce the influence of RCA on the long-term deflection of 
composite slabs. 
  
(a) RAC
cmf =30MPa (a) 
RAC
cmf =60MPa 
Figure 6-18 Influence of parent concrete strength on the total deflections of composite slabs 
6.5.2.6 Effects of residual mortar content of RCA (CRM) 
The elastic modulus, shrinkage and creep behaviours of RAC are highly influenced by 
the residual mortar content (CRM) of RCA, in which case the influence of CRM on the 
long-term deflections of composite slabs was considered. As shown in Figure 6-19, both 
the total deflections (δtot) and shrinkage deflections (δsh) approximately linearly increased 
with increasing r ratios and CRM values. For example, when RCA r ratio of 25% was 
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selected, a maximum increase of 12.0% in the δtot was obtained for CRM=0.5, and this 
percentage increased to 53.2% for RCA r=100% and CRM=0.5. Similar observations 
could be obtained in the case of δsh. These results also highlighted that in composite 
steel-concrete slabs made with RAC, it is the total residual mortar amount instead of 
RCA r ratios that influenced their time-dependent behaviour. 
  
(a) total deflections (b) shrinkage deflections 
Figure 6-19 Influence of CRM on the long-term deflections of composite slabs  
6.5.2.7 Effects of environmental relative humidity (RH) 
The influence of the RH on the time-dependent response of the composite slabs is 
outlined in Figure 6-20. The selected composite slabs had a span of 4000 mm and a depth 
of 160 mm, while the live load was 3.0 kPa first loaded at 28 days from casting. The 
influence of RCA on the long-term deflections of composite slabs decreased for 
increasing levels of relative humidity. Under a relative humidity of 30%, an increase of 
43.8% was obtained in the deflection of RAC100 composite slab in comparison with the 
NAC results, while the increase in the slab deflection was reduced to 35.3% when the 
environmental relative humidity increased to 80%. This was due to the fact that under a 
larger relative humidity, the deflections caused by shrinkage and creep effects 
represented a smaller proportion of the total deflections in composite slabs. 
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Figure 6-20 Influence of RH on the long-term deflections of composite slabs 
6.5.2.8 Effects of the time of first loading (t0) 
Effects of loading time (t0) on the long-term deflection were studied on composite slabs 
made from concrete with compressive strength of 30 MPa, as shown in Figure 6-21. The 
selected composite slabs had a span of 4000 mm and a depth of 160 mm, while the live 
load was 3.0 kPa first loaded at varied days from casting, i.e. 7 days, 14 days, 28 days, 
90 days and 365 days. 
 
Figure 6-21 Influence of loading time on total deflections of composite slabs 
Clearly, the total deflection (δtot) of composite slabs decreased with increasing loading 
time (t0), irrespectively of RCA r ratios. Compared to the slabs results loaded at 28 days, 
the eventual deflections of NAC composite slabs decreased by 8.3% for a loading time of 
365 days. Similar values of 8.4% and 8.5% were obtained for RCA r ratios of 50% and 
100%, respectively. On the other hands, earlier loading times led to higher slab 
deflections. Taking a loading time of 7 days for example, an increase of 8.2% was 
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estimated in the slab deflections for all RCA r ratios, when compared to the values of 
28 days loading time. The above results were caused by the fact that smaller creep 
coefficients and larger elastic modulus was estimated for both NAC and RAC at a longer 
loading time, in which case smaller instantaneous and creep deflections were obtained in 
the eventual deflections. 
 Design Considerations 6.6
6.6.1 Design procedures 
Current design guidelines for composite slabs, such as CECS 273:2010, Euro code 4 
(EC4) and ANSI/SDI (2011), generally neglect the influence of shrinkage profiles though 
the depth of composite slabs and therefore underestimate their long-term deflections. In 
this context, the design procedure for long-term deflection predictions of RAC composite 
slabs is proposed based on the current draft of the Australian AS/NZS 2327 guidelines, as 
it accounts for the non-uniform shrinkage described in Chapter 5. In particular, the key 
design steps involved in these serviceability calculations are outlined below. 
The long-term deflections (δtot) of composite slabs are calculated as the sum of 
instantaneous deflection component (δinst), creep deflection component (δcr) and 
shrinkage deflection component (δsh):  
tot inst cr sh       (6-17) 
To account for the influence of concrete cracking, the effective moment of inertia (Ief) of 
the composite slab is predicted based on AS3600-2009: 
3
ef cr cr cr s( )( / )  I I I I M M
 
(6-18) 
where Icr and I present cracked and uncracked moment of inertia of composite slab, 
respectively, while Mcr and Ms are the cracking and maximum service moments, 
respectively. 
The calculation of the mid-span shrinkage deflection considers the possibility of cracking 
in the slab following the expression adopted for the flexural rigidity and is calculated as:  
3
sh crsh unsh crsh cr s( )( / )      M M  (6-19) 
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where δunsh and δcrsh are the shrinkage deflections determined using the uncracked and 
cracked cross-sections, respectively. 
To predict the long-term deflections of RAC composite slabs, the material properties of 
RAC need to be included in the design procedure. For this purpose, the long-term 
material properties of RAC, i.e. shrinkage deformation and creep coefficients, can be 
evaluated by following the procedure previously introduced in Eq. (6-9-6-16). 
6.6.2 Validation of the proposed design procedures 
For comparison purposes, the predictions obtained with the numerical model and the 
proposed design method are compared against the experimental measurements in Table 
6-9, including three steel-bars truss slabs and four composite slabs. For the numerical 
values calculated with the finite element model, the instantaneous and creep deflection 
components (δinst and δcr) have been separated from the shrinkage deflection components 
(δsh) to better highlight their relative magnitudes and to provide benchmark values for the 
design predictions calculated with both uniform and non-uniform shrinkage profiles. 
When using the uniform shrinkage distribution, the deflection components produced by 
the instantaneous and sustained loads (i.e. δinst and δcr) tended to overestimate the 
numerical values of steel-bars truss slabs. This was caused by the fact that the use of a 
uniform shrinkage profile leads to a lower cracking moment than the one obtained with a 
non-uniform shrinkage gradient. For example, this is particularly the case for specimen 
SBTS-120-100% whose numerical and predicted values were 3.54 mm and 5.51 mm, 
respectively. Therefore, the larger cracking estimated in this case of uniform shrinkage 
led to higher long-term deflections. However, the shrinkage deflection components (δsh) 
calculated with the proposed deign model based on a uniform shrinkage distribution were 
smaller than the corresponding deflection components calculated with the numerical 
model based on a non-uniform shrinkage. In this case, the design predictions for the total 
deflection (δtot) were lower than the experimental and numerical results, with the errors 
between design calculations and experimental results varied between 11.9% and 38.5%. 
When using the non-uniform shrinkage profile for the design calculations, good 
agreement was observed with the experimental and numerical deflections. The maximum 
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error determined between the design predictions and the test results for the total 
deflections of three slabs reported in this study was 2.7%. 
Similar investigations were obtained in the case of composite slabs cast on profiled steel 
sheeting, as summarised in Table 6-9. It is clear that the design calculations show very 
good agreement by accounting for non-uniform shrinkage distributions, remaining within 
8% of the experimental measurements, while up to a reduction of 68.1% in the calculated 
value of CS-180-100%-SH by means of using uniform shrinkage profiles. The above 
investigation highlighted the need to include non-uniform shrinkage profiles in the 
service design of composite slabs made with RCA. 
The comparisons between the design procedure calculations and the numerical results in 
the parametric study are reported in Figure 6-22, considering RCA replacements between 
0% and 100%, and show good agreements between the two approaches, with estimated 
errors within ±15%. 
 
Figure 6-22 Validation of proposed design procedures 
 Conclusions 6.7
This paper presented a study on the long-term behaviour of composite steel-concrete 
slabs prepared with RAC by: (i) reporting new experimental results describing the 
service response of RAC composite slabs and (ii) by proposing a suitable numerical 
model and design approach to be used for routine design. For this purpose, three 
full-scale RAC slabs cast on steel-bars truss decks and four full-scale RAC samples cast 
on profiled steel sheeting were subjected to shrinkage effects and monitored in a 
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simply-supported static configuration for a total period of 268 days. Based on the results 
of this experimental investigation, the following conclusions can be drawn: 
(1) Experimental results showed that the effects of non-uniform shrinkage on the 
time-dependent deflection of RAC composite slabs were significant, being 
estimated to be 51.5% and 58.8% of the total deflections for 120 mm and 180 mm 
slabs, respectively. And due to the shrinkage gradient and creep deformations, 
steel-bars truss slabs prepared with 50% and 100% RCA showed 18.3% and 32.5% 
increases in the long-term mid-span deflections, respectively, when compared to 
the NAC measurements. 
(2) A finite element model was developed to account for the time-dependent 
behaviour of composite slabs by including the effects of non-uniform shrinkage, 
creep and concrete cracking, and validated against the test results reported in this 
paper. A parametric study was then carried out to evaluate the influence of time 
effects on the long-term deflections of composite slabs prepared with RAC, which 
highlighted that the long-term deflections of composite slabs increased with 
increasing RCA replacement ratios.  
(3) Based on the experimental investigations and numerical simulations, a design 
approach that can be used for routine design of RAC composite slabs was 
proposed and validated. The design calculations, which accounted for the 
non-uniform shrinkage profiles, well matched the experimental and numerical 
results described in this study. 
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Table 6-9 Comparisons between experimental measurements and predictions 
Specimens ID 
Experimental results (mm) 
 
Numerical results (mm) 
 Predicted results (mm) 
 Uniform shrinkage case  Non-uniform shrinkage case 
δinst + δcr δsh δtot  δinst + δcr δsh δtot δinst + δcr δsh δtot  δinst + δcr δsh δtot 
SBTS-120-0% 
—— —— 
7.42  3.13 3.89 7.14  3.41 1.14 4.56  3.36 3.93 7.29 
SBTS-120-50% 8.78  3.32 4.85 8.30  4.45 1.95 6.41  3.90 4.64 8.54 
SBTS-120-100% 9.83  3.54 5.64 9.21  5.51 3.15 8.66  4.28 5.35 9.63 
CS-120-100%-SH 0 
5.48 
5.48  0 
5.76 
5.76  0 2.24 2.24  0 5.92 5.92 
CS-120-100% 5.16 10.64  4.96 10.72  5.80 3.49 9.29  5.38 6.10 11.48 
CS-180-100%-SH 0 
4.01 
4.01  0 
3.91 
3.91  0 1.28 1.28  0 4.03 4.03 
CS-180-100% 2.81 6.82  3.07 5.89  3.75 2.14 5.89  3.02 4.05 7.23 
Note: δinst, δcr, δsh, δtot is the instantaneous deflection, creep deflection, shrinkage deflection and total deflection at the mid-span of steel-bars truss slabs, respectively.
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CHAPTER 7 Conclusions 
 Introduction  7.1
This Chapter presents the summary and conclusions of this research, and also provides 
recommendations for future research. 
 Concluding Remarks 7.2
The influence of mixing methods on the mechanical properties of recycled aggregate 
concrete (RAC) was experimentally investigated, including pre-saturation (PS) method 
and equivalent mortar volume (EMV) method. EMV method was proved to be an 
effective way to improve the elastic modulus and shrinkage of RAC when compared to 
PS method, which indicated that the volume of total natural coarse aggregate determined 
the elastic modulus and shrinkage of RAC. In this research, a model was developed to 
predict the elastic modulus of RAC accounting the influence of residual mortar content 
(CRM). The predicted values were found to be in reasonable agreement with the 
corresponding experimental results collected from this study and from the literature. This 
study also indicated that when using EMV method, designers should pay more attention 
to the selections of the sand ratio, the particle size distribution and the superplasticizer to 
ensure the sufficient function of new mortar in RAC. RAC prepared with PS method 
could further develop its compressive strength due to the ―internal curing effects‖ 
contributed by the SSD RCA, in which case a model was proposed based on EC2 
standard to account for the ―internal curing effects‖ on the compressive strength of RAC 
after 90 days from casting. 
The influence of parent concrete on the autogenous and drying shrinkage behaviour of 
RAC was experimentally investigated. Two groups of RCA from demolished projects and 
three groups of RCA from laboratory were used to prepare concrete with compressive 
strength of 30 MPa-60 MPa. The autogenous shrinkage of concrete could be reduced by 
57.7% when using 100% of old RCA, while 48.3% larger autogenous shrinkage was 
obtained in concrete by using 100% of young RCA. Based on current autogenous 
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shrinkage models, the influences of CRM and RCA quality on the autogenous shrinkage 
were included. The RAC autogenous shrinkage measurements were well estimated by 
means of the proposed model in this study. The drying shrinkage of RAC decreased with 
increasing parent concrete strength, which cannot be represented by the water absorption, 
density or the CRM in accordance with current RAC drying shrinkage models. Based on 
the experimental results collected as part of this study, drying shrinkage model for RAC 
was proposed accounting for the combined effects of CRM and parent concrete strength. 
The drying shrinkage amplification factors of RAC collected from this study and from 
the literature were well predicted by means of the proposed model in this study.  
Based on the experimental results on the mechanical properties of RAC, the fresh waste 
concrete (e.g. constructional waste concrete) and the old waste concrete from demolition 
projects served for decades is suggested to be grouped separately in the RCA plant to 
reduce the scatter of the mechanical behaviour of the resulting RAC, i.e. compressive 
strength and autogenous shrinkage. The high-strength parent concrete (e.g. with the 
compressive strength fcm ≥50 MPa) is also suggested to be grouped separately from the 
normal-strength one in the recycling plant as the compressive strength of the parent 
concrete affects the shrinkage behaviour of the resulting concrete significantly. 
The influence of RCA on the non-uniform shrinkage distributions through the thickness 
of composite steel-concrete slabs and on the resulting time-dependent behaviour of such 
slabs was investigated. Seventeen small-scale shrinkage samples were prepared and 
monitored. The test parameters were the RCA r ratios, slab depths and sealing conditions 
of the slab bottom surface. It was observed that the presence of the profiled steel sheeting 
prevented moisture egress from the underside of the slabs, thus producing an 
approximately linear strain profile through the depth of the slabs. The non-uniform strain 
distribution in composite slabs could be expressed as a function of the top surface strain 
(εsh,top) and strain gradient (κsg) for their routine design. Compared to NAC slabs, 
20.0%-61.5% increases in the εsh,top and 81.0%-109.0% increases in the κsg were observed 
for RAC slabs with 100% of RCA. A theoretical model was established to account for the 
influence of non-uniform shrinkage in RAC composite slabs by means of cross-sectional 
analysis. The numerical results highlighted the importance of including the influence of 
The University of Sydney 
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non-uniform shrinkage profile in the long-term deflection of RAC composite slabs. The 
measured slab curvatures, which linearly reflected the slab deflections, were 
underestimated by 51.7%-72.0% by adopting uniform shrinkage for RAC composite 
slabs. 
This study also reported new experimental results describing the service response of 
full-scale RAC composite slabs and proposed a suitable numerical model and a design 
approach to be used for routine design. In particular, four full-scale RAC samples cast on 
profiled steel sheeting and three full-scale RAC samples cast on steel-bars truss decks 
were prepared and monitored. The experimental results showed that the effects of 
non-uniform shrinkage on the time-dependent deflection of RAC composite slabs were 
significant, being 51.5% and 58.8% of the total deflections for 120 mm and 180 mm 
slabs, respectively. Due to the shrinkage gradient and creep deformations, steel-bars truss 
slabs prepared with 50% and 100% RCA showed 18.3% and 32.5% increases in the 
long-term mid-span deflections, respectively, when compared to the NAC measurements. 
A finite element model was developed to account for the time-dependent behaviour of 
composite steel-concrete slabs by including the effects of non-uniform shrinkage, creep 
and concrete cracking, and validated against the test results reported in this study. A 
parametric study was then carried out to evaluate the influence of time effects on the 
long-term deflections of composite steel-concrete slabs prepared with RCA, which 
highlighted that the long-term deflections of composite slabs increase with increasing 
RCA r ratios. Based on the experimental investigations and numerical simulations, a 
design approach to be used for routine design of RAC composite slabs was proposed and 
validated. The design calculations, which accounted for the non-uniform shrinkage 
profiles, well matched the experimental and numerical results described in this study.  
 Recommendations for Future Research 7.3
The following areas of research might be considered as the basis of the future research 
work to extend the work presented in this thesis: 
More research efforts should be devoted to influence of RCA on the non-uniform 
shrinkage profiles in composite slabs, and the considered parameters could be the types 
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of profiled steel decks, concrete strength and ambition environment conditions (i.e. 
relative humidity and temperature). 
The influence of construction technique on the shrinkage behaviour of composite slabs 
needs to be considered. For example, the finish construction may influence the moisture 
egress from the top surface of composite slabs and thus corresponding shrinkage 
distributions through the thickness of composite slabs. 
Further research is still required to investigate the influence of RCA on the long-term 
behaviour of two-span continuous composite slabs, considering the influence of RCA on 
the serviceability behaviour of composite slabs on the hogging moment zones has yet to 
be quantified. 
The University of Sydney 
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Appendix Ⅰ. Measured autogenous shrinkage 
  
(a) NAC-0.30 (c) RAC-0.30-P42-50 
  
(c) RAC-0.30-P42-100 (d) RAC-0.30-LH-100 
  
(e) RAC-0.30-LM-100 (f) RAC-0.30-LL-100 
Figure Ⅰ-1. Autogenous shrinkage of concrete with a w/c ratio of 0.30 
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(a) NAC-0.45 (b) RAC-0.45-P42-50 
  
(c) RAC-0.45-P20-50 (d) RAC-0.45-P42-100 
  
(e) RAC-0.45-P20-100 (f) RAC-0.45-LH-100 
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(g) RAC-0.45-LM-100 (h) RAC-0.45-LL-100 
Figure Ⅰ-2. Autogenous shrinkage of concrete with a w/c ratio of 0.45 
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(a) NAC-0.60 (b) RAC-0.60-P42-50 
 
 
(c) RAC-0.60-P42-100 (d) RAC-0.60-LH-100 
  
(e) RAC-0.60-LM-100 (f) RAC-0.60-LL-100 
Figure Ⅰ-3. Autogenous shrinkage of concrete with a w/c ratio of 0.60 
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Appendix Ⅱ. Measured drying shrinkage 
  
(a) NAC-0.30 (b) RAC-0.30-P42-50 
  
(c) RAC-0.30-P42-100 (d) RAC-0.30-LH-100 
  
(e) RAC-0.30-LM-100 (f) RAC-0.30-LL-100 
Figure Ⅱ-1. Drying shrinkage of concrete with a w/c ratio of 0.30 
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(a) NAC-0.45 (b) RAC-0.45-P42-50 
  
(c) RAC-0.45-P20-50 (d) RAC-0.45-P42-100 
  
(e) RAC-0.45-P20-100 (f) RAC-0.45-LH-100 
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(g) RAC-0.45-LM-100 (h) RAC-0.45-LL-100 
Figure Ⅱ-2. Drying shrinkage of concrete with a w/c ratio of 0.45 
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(a) NAC-0.60 (b) RAC-0.60-P42-50 
  
(c) RAC-0.60-P42-100 (d) RAC-0.60-LH-100 
  
(e) RAC-0.60-LM-100 (f) RAC-0.60-LL-100 
Figure Ⅱ-3. Drying shrinkage of concrete with a w/c ratio of 0.60 
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Appendix Ⅲ. Available autogenous shrinkage models 
for NAC 
The autogenous shrinkage strain (εcsc) recommended in EC2 model (BSI, 2004) follows 
from the Expressions (Ⅲ-1~Ⅲ-2), where εca (∞) is the final autogenous shrinkage strain, 
fck is the characteristic compressive strength of cylinder concrete at 28 days, t is the time 
(in days) after concrete setting. 
0.50.2
csc (1.0 ) ( )
t
cae 
     
( EC2 model ) 
(Ⅲ-1) 
6
ck( ) 2.5 ( 10) 10
    ca f  (Ⅲ-2) 
AS 3600 (2009) standard estimates the autogenous shrinkage of concrete by Expression 
(Ⅲ-3), in which 
*
csc is the final autogenous shrinkage strain given by Expression (Ⅲ-4). 
It is worth mentioning that 
'
cf  is of the same meaning as fck. 
* 0.1
csc csc (1.0 ) 
   te  
( AS3600 model ) 
(Ⅲ-3) 
* ' 6
csc (0.06 1.0) 50 10
   cf  (Ⅲ-4) 
For concrete with a water-to-binder ratio of 0.20~0.60, its autogenous shrinkage could be 
estimated by the Expression (Ⅲ-5~Ⅲ-7) by JIS (2002). γ is determined by the cement 
types, and suggested to be equal to 1.0 when using Portland cement. The final 
autogenous shrinkage εc0 (w/b) is dependent on the w/b ratio with its value ranging from 
0.20 to 0.50, while a constant shrinkage of 80 με is recommended for a higher w/b ratio. 
The development of autogenous shrinkage is estimated by means of using βa (t), where 
parameters ‗a‘ and ‗b‘ consider the influence of temperature variation during the test. 
c0 a( ) ( / ) ( )     t w b t  
( JIS model ) 
(Ⅲ-5) 
7.2 /
c0
3070 0.2 / 0.5
( / )
80 / 0.5

   
 

w be w b
w b
w b
 (Ⅲ-6) 
0( )
a ( ) 1
  
ba t t
t e  (Ⅲ-7) 
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Appendix Ⅳ. Available drying shrinkage models for 
RAC 
The drying shrinkage models of RAC is proposed based on that of NAC, as reported in 
Eq. (Ⅳ-1) 
sh sh
RAC NAC
sh     (Ⅳ-1) 
In which 
sh
RAC and 
sh
NAC  is the shrinkage deformation of RAC and NAC, respectively; 
and 
sh  is the shrinkage amplification factors. 
Varied researchers proposed the shrinkage amplification factors (κsh,dry) by means of 
different key parameters, i.e. residual mortar content (CRM), physical properties of 
aggregates, and RCA replacement ratios (r). These models are listed as Eq. (Ⅳ-2~Ⅳ-5).  
1.45
RAC
RM CA
sh,dry RAC
CA
1 (1 )
1
C V
V

  
  
 
 Fathifazl model  (Ⅳ-2) 
RAC
sh,dry
NAC
3.1945 (1 ) 1
D
D

 
    
 
 De Brito (D) model (Ⅳ-3) 
RAC
sh,dry
NAC
0.0525 ( 1) 1
Wa
Wa

 
    
 
 De Brito (W) model (Ⅳ-4) 
concr mort ceram
sh,dry RCA RCA RCA(1 0.232 ) (1 0.432 ) (1 0.351 )r r r           
Cabral 
model 
(Ⅳ-5) 
In which CRM is the residual mortar content of RCA, RACCAV is the volume fracture of 
coarse aggregate in RAC. DRAC and DNAC is the sum of density values of total aggregates 
(coarse and fine) in RAC and NAC, respectively; WaRAC and WaNAC is the sum of water 
absorption values of total aggregates (coarse and fine) in RAC and NAC, respectively. 
concr
RCAr , 
mort
RCAr , 
red ceram
RCAr  is the recycled coarse aggregate collected from waste concrete, 
waste mortar and waste red ceramic, respectively.
The University of Sydney 
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Appendix Ⅴ. Measured RH distributions  
 
 
 (a) d=100mm, r=0% 
  
(b) d=100mm, r=100% (c) d=150mm, r=0% 
  
(d) d=150mm, r=50% (e) d=150mm, r=100% 
  
(f) d=200mm, r=0% (g) d=200mm, r=100% 
Figure Ⅴ-1 Total strains measured at different levels of the cross-sections for EE slabs 
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 (a) d=100mm, r=0% 
  
(b) d=100mm, r=100% (c) d=150mm, r=0% 
  
(d) d=150mm, r=50% (e) d=150mm, r=100% 
  
(f) d=200mm, r=0% (g) d=200mm, r=100% 
Figure Ⅴ-2 Total strains measured at different levels of the cross-sections for ES slabs 
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Appendix Ⅵ. Measured strain profiles from this study 
 
 
 (a) d=100mm, r=0% 
  
(b) d=100mm, r=100% (c) d=150mm, r=0% 
  
(d) d=150mm, r=50% (e) d=150mm, r=100% 
  
(f) d=200mm, r=0% (g) d=200mm, r=100% 
Figure Ⅵ-1 Total strains measured at different levels of the cross-sections for EE slabs 
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 (a) d=100mm, r=0% 
  
(b) d=100mm, r=100% (c) d=150mm, r=0% 
  
(d) d=150mm, r=50% (e) d=150mm, r=100% 
  
(f) d=200mm, r=0% (g) d=200mm, r=100% 
Figure Ⅵ-2 Total strains measured at different levels of the cross-sections for ES slabs 
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(a) d=100mm, r=100% (b) d=150mm, r=100% 
 
(c) d=200mm, r=100% 
Figure Ⅵ-3 Total strains measured at different levels of the cross-sections for DW slabs 
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Appendix Ⅶ. Detailed information of profiled decks 
Figure Ⅶ-1. Geometric properties of profiled steel sheeting (per meter width) 
Deck ID 
dsd 
a
 
(mm) 
tsd 
(mm) 
ysd 
(mm) 
Asd 
(mm
2
) 
Isd 
(×10
5
 mm
4
) 
Decking profile 
Condeck 54 1.00 15.41 1620 6.5 
 
Condeck 54 0.90 15.36 1456 5.8 
 
Condeck 54 0.75 15.26 1211 4.9 
 
KF57 57 1.00 14.10 1593 6.7 
 
KF57 57 0.75 14.10 1195 5.0 
 
KF57 57 0.60 14.10 956 4.0 
 
DW65-170-510 65 1.20 21.00 2353 14.8 
 
DW65-170-510 65 1.10 21.00 2156 13.6 
 
DW65-170-510 65 1.00 21.00 1960 12.3 
 
DW65-170-510 65 0.90 21.00 1764 11.1 
 
DW65-170-510 65 0.80 21.00 1568 9.9 
 
DW 48-200-600 48 1.20 13.00 1920 6.5 
 
DW 48-200-600 48 1.00 13.00 1666 5.4 
 
DW 48-200-600 48 0.90 13.00 1499 4.9 
 
DW 48-200-600 48 0.80 13.00 1332 4.3 
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Figure Ⅶ-1 (Continued) 
Deck ID 
dsd 
a
 
(mm) 
tsd 
(mm) 
ysd 
(mm) 
Asd 
(mm
2
) 
Isd 
(×10
5
 mm
4
) 
Decking profile 
Bondek II 54 1.20 15.60 2014 7.7 
 
Bondek I 54 1.00 15.50 1678 6.4 
 
Bondek 54 0.90 15.40 1503 5.8 
 
Bondek 54 0.75 15.30 1259 4.8 
 
Bondek 54 0.60 15.20 1007 3.8 
 
RF55 55 1.00 15.40 1688 5.6 
 
RF55 55 0.90 15.40 1519 5.0 
 
RF55 55 0.75 15.40 1266 4.2 
 
RF55 55 0.60 15.40 1013 3.4 
 
DW51-760 51 1.20 16.00 1973 7.7 
 
DW51-760 51 1.00 16.00 1645 6.4 
 
DW51-760 51 0.90 16.00 1480 5.8 
 
DW51-760 51 0.80 16.00 1316 5.1 
 
Corus ComFlor 60 60 1.20 31.70 1721 13.3 
 
Corus ComFlor 60 60 1.10 31.20 1572 12.0 
 
Corus ComFlor 60 60 1.00 30.50 1424 10.6 
 
Corus ComFlor 60 60 0.90 29.60 1276 9.3 
 
Corus ComFlor 60 60 0.75 28.60 1068 7.7 
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Figure Ⅶ-1 (Continued) 
Deck ID 
dsd 
a
 
(mm) 
tsd 
(mm) 
ysd 
(mm) 
Asd 
(mm
2
) 
Isd 
(×10
5
 mm
4
) 
Decking profile 
Corus ComFlor 80 80 1.20 46.40 1871 24.5 
 
Corus ComFlor 80 80 0.90 46.40 1387 18.5 
 
Corus ComFlor 80 80 0.75 46.40 1169 15.3 
 
Fielder KF70 55 1.00 27.70 1467 7.5 
 
Fielder KF70 55 0.75 27.70 1100 5.8 
 
Fielder KF40 40 1.00 14.00 1386 2.8 
 
Fielder KF40 40 0.75 14.00 1040 2.1 
 
Fielder KF40 40 0.60 14.00 832 1.7 
 
DW51-720 51 1.20 25.50 1666 7.7 
 
DW51-720 51 1.00 25.50 1389 6.5 
 
DW51-720 51 0.90 25.50 1250 5.8 
 
DW51-720 51 0.80 25.50 1111 5.2 
 
DW76-688 76 1.20 38.00 1744 18.0 
 
DW76-688 76 1.00 38.00 1454 15.0 
 
DW76-688 76 0.90 38.00 1308 13.5 
 
DW76-688 76 0.80 38.00 1163 11.9 
 
DW75-200-600 75 1.20 37.50 2000 19.0 
 
DW75-200-600 75 1.00 37.50 1666 15.8 
 
DW75-200-600 75 0.80 37.50 1329 12.6 
 
 
a
dsd, tsd, Asd, Isd is the depth, thickness, cross-sectional area and second moment of area of the profiled 
steel sheeting, respectivley. ysd is the distance from the centroidal axis of the profiled steel sheeting to 
its underside. 
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